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INTRODUCTION: 


Lesions  of  the  endocrine  pancreas,  as  they  occur  in  Type  1  Diabetes  (T1D),  were  historically  considered  to  be 
permanent  and  irreversible  since  patients,  once  endogenous  insulin  production  is  blunt,  require  hormone 
therapy  for  life.  More  recently  it  was  proposed  that  islet  beta  cells  actually  retain  the  ability  to  heal  from  an 
injury,  and  to  proliferate  and  multiply  from  precursors  into  mature  beta  cells  during  adult  life,  in  a  way  similar  to 
that  during  embryonic  development.  It  was  also  proposed  that  possible  reparative  events  affecting  the  beta  cell 
mass  normally  occur  but  in  diabetes  are  opposed  by  the  destructive  mechanisms  that  cause  diabetes  in  first 
place  such  as  the  autoimmune  attack  (1 ,2). 

In  mouse  models,  evidence  was  presented  that  adult  animals  retain  the  ability  to  expand  the  beta  cell  mass  as 
a  response  to  various  triggers.  However,  it  remains  largely  unclear  through  which  molecular  and  cellular 
mechanism(s)  reestablishment  of  the  beta  cell  mass  takes  place.  Furthermore  it  was  shown  in  the  diabetic 
prone  NOD-mouse  that,  even  after  establishment  of  the  clinical  diabetic  status,  it  is  still  possible  to  recover 
endogenous  pancreatic  insulin  production.  This  can  be  achieved  by  successfully  combining  strategies  aimed  at 
blocking  the  autoimmune  attack  with  the  use  of  non-diabetogenic  immunosuppressive  drugs.  Normally  an  islet 
transplantation  was  used  in  parallel  to  supply  beta  cell  function  for  the  relatively  long  periods  required  to 
recover  beta  cell  function  (3-6). 

A  spontaneous  recovery  of  the  pancreatic  beta  cell  function  is  also  normally  reported  in  patients  diagnosed 
with  autoimmune  T1D,  the  so-called  “honeymoon”  period  .  Although  the  honeymoon  may  vary  in  duration  quite 
dramatically  from  one  patient  to  the  next,  there  are  also  anecdotal  cases  of  complete  and  permanent  recovery. 

Following  diagnosis  of  T1D  and  initiation  of  exogenous  insulin  treatment  these  individuals  experienced  a 
return  of  endogenous  insulin  production,  characterized  by  increased  C-peptide  secretion,  and  reduction  in  the 
titre  of  circulating  islet  auto-antibodies,  confirming  the  return  of  the  immunologic  tolerance  and  a  consequent 
recovery  from  islet  cell  destruction  (7).  Although  it  is  unquestionably  proven  that  some  beta  cells  are  still 
present  and  able  to  produce  insulin  years  after  the  clinical  onset  of  diabetes  (8,9),  a  steady  recovery  from  the 
diabetic  status  is  quite  unique  and  is  worth  further  investigations.  At  any  rate,  the  potential  for  the  pancreatic 
organ  to  recover  substantial  endocrine  function  is  quite  fascinating  and  should  be  exploited  for  possible  clinical 
applications. 

To  this  aim,  the  observation  that  only  a  limited  islet  mass  is  actively  engaged  in  supplying  insulin  to  maintain 
normoglycemia  at  a  give  time  point  is  remarkable.  This  information  seems  to  indicate  that  the  critical  mass 
required  to  synthesize  and  release  insulin  sufficient  for  the  body’s  normal  needs  is  far  less  than  that  produced 
by  the  entire  beta  cell  pool  of  a  healthy  pancreas.  This  observation  implicates  that  even  a  relatively  limited 
quantity  of  insulin  producing  tissue  should  exert  clinically  evident  effects  in  patients. 

Non-human  primates  are  relevant  animal  models  for  pre-clinical  studies  in  general  and,  in  particular,  for  xeno¬ 
transplantation  experiments.  Monkeys  and  humans  present  strong  similarities  although  significant  metabolic 
differences  do  exist.  It  is  therefore  of  great  value  to  investigate  the  potentiality  of  non-human  primate 
pancreatic  tissue  to  resume  endogenous  insulin  production  following  its  destruction,  for  a  better  understanding 
of  the  human  behaviour  as  well. 

In  monkeys,  a  permanent  diabetic  status  can  be  induced  by  total  pancreatectomy,  a  major  surgical  procedure 
usually  not  devoid  of  technical  difficulties  or,  alternatively,  by  chemical  destruction  of  the  insulin  producing  cells 
by  means  of  streptozotocin,  a  potent  toxic  agent  that  specifically  target  the  pancreatic  beta  cells  (1 0). 

Our  experimental  protocol  for  pig  islet  xenotransplantation  into  monkeys  involved  induction  of  diabetes  in  the 
recipients  by  streptozotocin,  intra-portal  transplantation  of  porcine  islets  after  recipient  immunologic  pre¬ 
conditioning,  completed  by  an  adequate  non-diabetogenic  immunosuppressive  therapy.  While  the  majority  of 
recipients  exhibited  a  transitory  islet  graft  function  and  were  sacrificed  early  after  transplantation,  in  some 
recipients’  islet  graft  function  (indirectly  assessed  by  measurable  levels  of  porcine  C-peptide)  lasted  for  months 
(11).  At  a  certain  point  in  time,  concurrently  to  a  gradual  reduction  of  the  C-peptide  (porcine)  graft  output,  we 
observed  a  stepwise  increased  in  endogenous  C-peptide  (monkey)  levels.  Metabolic  clinical  improvement  and 
peculiar  histological  features  of  the  pancreatic  tissue  were  also  found  associated  to  this  change.  To  note,  no 
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spontaneous  recovery  of  endogenous  function  was  observed  in  transplanted  monkeys  with  transient  function 
of  the  graft  or  diabetic  monkeys  maintained  under  exogenous  insulin  for  up  to  1  year. 

Our  data  provide  evidence  that  the  pancreatic  tissue  is  able  to  re-establish  endogenous  insulin  production  after 
chemically  induced  beta  cell  specific  injury.  Additional  investigation  is  required  to  understand  whether 
conditions  such  as  improved  glucose  metabolic  control  and  an  appropriate  immunosuppressive  regimen,  in 
association  with  functional  islet  transplantation  could  play  a  role  in  beta  cell  rescue  or  regeneration,  and  if  so, 
through  which  mechanism(s)  (12). 
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BODY: 


Our  first  quarterly  scientific  progress  report  (06/01/07  -  08/31/07)  for  the  second  year  of  this  project,  detailed 
the  following  steps  forward  in  reaching  the  aims  of  our  study. 

In  the  aim  of  completing  the  studies  presented  in  the  first  year  quarterly  reports,  we  characterized  the 
inflammatory  response  in  diabetes  by  analyzing  expression  of  a  panel  of  activation  markers  on  the  surface  of 
peripheral  blood  monocytes  in  recently-diagnosed  Type  1  diabetes  (T1D)  patients. Compelling  evidence 
implicates  inflammation  in  the  pathogenesis  of  T1D  and  associated  vascular  complications.  Obesity  is  also 
characterized  by  a  low-grade  systemic  inflammation.  The  potential  role  of  glycemic  control  and  of  body  mass 
index  (BMI)  on  monocyte  phenotype  was  then  investigated  by  using  flow  cytometry  to  analyze  the  expression 
of  CD1 1b,  CD49d,  CD54,  CD62L,  and  CD64  antigens  on  monocytes  in  a  cohort  of  51  T1 D  patients  (<2  months 
from  diagnosis). 

We  found  that  circulating  monocytes  from  T1D  patients  tested  at  the  clinical  onset  of  the  disease  (i.e., 
within  1  week  from  diagnosis)  had  higher  CDIIb  expression  compared  to  patients  analyzed  after  2  months 
from  diagnosis  (p=0.02).  The  highest  CDIIb  levels  were  detected  in  patients  with  HbAic  >8%  (p=0.04  vs. 
patients  with  HbAic  <8%).  In  T1D  children  analyzed  after  2  months  from  diagnosis,  we  found  that  those 
overweight  (BMI  >85th  percentile)  had  higher  levels  of  monocyte  activation  than  those  not  overweight  (BMI 
<85thpercentile)  (p=0.03).  CDIIb  and  HbA1c  were  significantly  correlated  (correlation  coefficient  0.329, 

p=0.02). 

From  these  studies  we  can  conclude  that  circulating  immune  cells  from  T1D  patients  display  many 
aspects  of  a  proinflammatory  state,  as  indicated  by  primed  or  activated  monocytes.  Obesity  is  an  important 
factor  in  monocyte  activation  during  diabetes. 

Introduction 

Compelling  evidence  demonstrates  that  components  of  the  innate  immune  system,  including  natural 
killer  cells  (NK)  and  monocytes  are  involved  in  the  autoimmune  response  characteristic  of  T1D  both  in  humans 
and  in  the  non-obese  diabetic  (NOD)  mouse  [1-4].  The  primary  role  of  monocytes  in  T1D  has  been 
demonstrated  by  showing  that  these  cells  are  the  first  to  accumulate  in  the  pancreatic  islets  of  prediabetic  BB 
rats  [5],  Subsequent  T  and  B  lymphocyte  infiltration  is  dependent  upon  prior  monocyte  invasion  of  the  islets  [5], 
These  data  suggest  a  role  for  monocytes  in  the  early  stages  of  T1 D  pathogenesis  [6], 

Monocytes  are  pivotal  cells  in  inflammatory  responses  as  they  serve  as  the  principal  reservoir  of  pro- 
inflammatory  cytokines  and  are  the  first  cells  to  be  engaged  in  nonspecific  immune  responses,  such  as  those 
triggered  by  environmental  factors.  Recent  studies  reported  evidence  of  increased  monocytic  activity, 
biomarkers  of  inflammation  and  oxidative  stress  in  adult  T1D  patients  well  after  the  onset  of  diabetes  [7,8],  In 
these  patients,  monocytes  also  released  higher  levels  of  pro-inflammatory  cytokines  as  compared  to  non¬ 
diabetic  subjects,  suggesting  presence  of  an  inflammatory  response  in  T1D.  Interestingly,  elevated  circulating 
levels  of  the  pro-inflammatory  cytokine  interleukin(IL)-8  were  found  in  children  with  recent-onset  T1D  (<1year) 
who  were  also  overweight  [9],  Other  evidence  of  monocyte  involvement  in  T1D  includes  studies  showing 
aberrant  constitutive  and  lipopolisaccharide  (LPS)-stimulated  expression  of  monocyte  ciclooxygenase  (COX)-2 
expression  in  monocytes  of  T1D  patients,  a  defect  which  may  predispose  to  a  chronic  inflammatory  response 
in  T1D  [4,10],  The  direct  consequences  of  monocyte  activation  in  T1D  are  unknown,  but  theoretically  could 
involve  release  of  pro-inflammatory  cytokines,  endothelial  activation  with  increased  monocyte  adherence  to  the 
vascular  endothelium,  such  as  that  of  the  pancreatic  islets  or  kidney  and  retina  capillaries. 

During  cellular  activation,  monocytes  undergo  phenotypic  modifications  with  changes  in  expression  of 
adhesion  molecules  on  the  cellular  surface.  These  changes  allow  adhesion  to  the  endothelial  cells  and 
movement  of  the  monocytes  through  the  endothelial  layer  toward  inflammatory  sites.  The  integrin  Mac-1 
(CDIIb)  is  one  of  the  most  studied  leukocyte  adhesion  molecules  mediating  tight  binding  to  endothelial  cells 
and  migration  through  the  vascular  wall.  While  it  is  known  that  hyperglycemia,  as  seen  in  T1 D,  upregulates  the 
expression  of  endothelial  cell  adhesion  molecules  [11-13],  changes  in  adhesion  molecule  on  the  circulating 
monocytes  have  not  been  as  well  studied  as  those  on  the  vascular  endothelium.  One  report  demonstrates 
increased  expression  of  monocyte  CDIIb  in  adult  T1D  patients  [14],  This  increased  CDIIb  expression  was 
associated  with  higher  monocyte  adhesion  to  human  aortic  endothelial  cells  (HAEC)  in  vitro  [14].  In  contrast, 
other  reports  show  either  no  increase  [7,15]  or  increased  binding  of  monocytes  to  endothelial  cells  compared 
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to  healthy  subjects  [16]. 

The  mechanism  involved  in  the  recruitment  of  monocytes  in  the  peri  islet  vasculature  during  diabetes  is 
not  fully  understood.  This  is  of  particular  importance  in  human  subjects  because  it  is  not  possible  to  directly 
follow  the  different  stages  of  the  islet  inflammatory  process.  Changes  that  affect  both  the  vasculature  and  the 
circulating  monocytes  in  the  early  stages  of  T1D  may  play  a  crucial  role  in  promoting  leukocyte  adherence  to 
the  endothelium  and  ongoing  infiltration  of  the  islets.  Another  factor  that  could  affect  monocyte  activation  in 
T1D  patients  is  changes  in  body  weight,  as  obesity  has  been  associated  with  the  presence  of  leukocyte 
abnormalities  and  inflammation  [9,17,18],  In  this  study,  we  therefore  investigated  the  potential  role  of  glycemic 
control  and  body  mass  index  (BMI)  on  monocyte  expression  of  a  panel  of  adhesion  molecules  in  recently- 
diagnosed  T1D  children  (<2months  from  diagnosis). 

Results 

Monocytes  from  new-onset  T1D  patients  have  an  activated  phenotype 

Analysis  of  the  mean  fluorescence  intensity  (MFI)  of  the  monocyte  marker  CDIIb  in  children  with  T1D, 
showed  a  higher  expression  in  those  who  were  tested  at  clinical  onset  of  diabetes  (n=38;  within  1  week  from 
diagnosis)  (878±83  SEM;  range  210-2403,  median  698)  compared  to  those  tested  at  2  months  from  diagnosis 
(n=13)  (595±132  SEM;  range  180-1663,  median  442),  (p=0.02)  (Figure  1  and  Figure  2). 

Because  diabetes  ketoacidosis  (DKA)  has  been  described  as  an  inflammatory  condition  characterized 
by  elevated  levels  of  C-reactive  protein,  within  our  cohort  of  newly-onset  T1D  patients,  we  found  that  monocyte 
expression  of  CD1 1  b  in  the  children  with  DKA  tended  to  be  higher  (1 007±1 88  SEM)  compared  to  those  without 
DKA  (797±82  SEM),  however  this  was  not  statistically  significant  (p=0.67).  When  we  compared  those  without 
DKA  at  onset  (n=21)  with  those  without  DKA  at  2  months  (n=13),  monocyte  expression  of  CDIIb  was 
statistically  significantly  different  between  the  two  groups  (797±82  versus  595±132  respectively,  p=0.03). 


* 


Figure  1.  Expression  of  CDIIb  on  monocytes  of  T1D  patients.  Column-scatter-plot  showing  changes  in  mean 
fluorescence  intensity  (MFI)  of  CDIIb  expression  on  circulating  monocytes  in  recently-diagnosed  T1D  patients.  Analysis 
was  performed  by  flow  cytometry.  Monocyte  from  T1D  patients  at  the  onset  of  the  disease  show  (n=38)  shows  higher 
expression  of  the  adhesion  molecule  CDIIb  then  T1D  patients  assayed  at  2  months  of  diabetes  (n=13)  (p=0.02). 
Horizontal  bars  show  mean  CDIIb  values,  ‘represents  significant  difference  of  surface  expression  for  CDIIb  between 
the  two  groups. 
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Figure  2.  Representative  flow  cytometry  analysis  of  CDIIb  expression  in  a  T1D  patient.  In  (A)  representative 
dot-plot  graph  of  CDIIb  expression  on  circulating  monocytes  (CD14+)  of  T1D  patients  at  the  onset  of  the  disease.  For 
each  sample  tested,  dot-plot  graphs  of  SSC  versus  CD14+  cells  were  drawn,  and  a  tight  gate  was  created, 
encompassing  the  “bright”  elements  for  this  specificity.  Within  the  CD14  gate,  CD14+  elements  expressing  the  different 
adhesion  molecules  were  analyzed  by  drawing  separate  dot-plots.  Percentage  and  MFI  of  positive  cells  was  then 
defined  by  setting  lower-limits  for  adhesion  molecule  positivity  from  each  antibody  combination  using  negative  isotype 
controls.  In  A  it  is  also  shown  a  representative  histogram  of  CDIIb  expression  in  T1D  patient  at  the  onset  of  the 
disease  and  after  2  months  from  diagnosis.  Dotted  line=  T1D  patient  after  2  months  from  diagnosis;  solid  line=  T1D 
patient  after  2  months  from  diagnosis.  Expression  of  CD1 1  b  was  higher  in  the  T1 D  patient  at  the  onset  of  diabetes  than 
after  2  months.  In  (B)  representative  histograms  of  adhesion  molecule  expression  in  T1D  patient  at  the  onset  of  the 
disease  and  after  2  months  from  diagnosis.  The  x  axis  is  fluorescence  intensity  of  the  stated  adhesion  molecule.  Dotted 
line=  T1D  patient  after  2  months  from  diagnosis;  solid  line=  T1D  patient  after  2  months  from  diagnosis.  There  was  no 
significant  differences  in  expression  of  CD54,  CD49d,  CD62L,  and  CD64  on  monocytes  between  the  two  studied 
groups. 
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As  expected,  glycemic  control  measured  by  HbA1cwas  significantly  higher  in  the  onset  group  compared 
to  the  group  tested  at  2  months  (11.3%±2  versus  7.4%±0.9,  p=0.0001).  To  test  whether  patients  with  higher 
HbA1c  had  also  higher  monocyte  activation,  we  compared  expression  of  monocyte  CDIIb  in  T1D  patients 
according  to  HbA1c  levels.  We  found  that  T1D  patients  with  higher  HbA1c  levels  (HbA1c>8%)  (n=35)  had 
significantly  higher  expression  of  CDIIb  (896±75  SEM)  as  compared  to  those  with  lower  HbA1c  levels  (HbA1c 
<8%)  (563±103  SEM)  (n=12)  (p=0.04).  In  addition,  CDIIb  and  HbA1c  were  significantly  correlated  (correlation 
coefficient  0.329,  p=0.02). 

Analysis  of  the  expression  of  the  surface  antigens  CD49d,  CD54,  CD62L  and  CD64  on  circulating 
monocytes  in  the  different  subgroups  of  patients  did  not  show  any  significant  differences.  A  representative 
example  of  the  expression  of  the  stated  markers  in  T1 D  patients  at  the  onset  of  the  disease  and  after  2  months 
from  diagnosis  is  shown  in  Figure  2. 

Overweight  children  with  T1D  have  high  monocyte  expression  of  CD1 1b 

There  is  evidence  that  obesity  is  associated  with  a  systemic  inflammatory  process  involving  both  the 
leukocytes  and  the  body  fat  [17,18].  We  therefore  analyzed  changes  in  monocyte  CDIIb  expression  in  T1D 
according  to  BMI.  We  found  that  among  T1D  children  who  were  tested  after  2  months  from  diagnosis  (n=13), 
the  expression  of  CDIIb  was  significantly  higher  overweight  children  (BMI  >  85th  percentile)  (n=7)  (844±201 
SEM;  median  531,  range  332-1663)  as  compared  to  children  who  were  not  overweight  (BMI  <  85th  percentile) 
(n=6)  (305±61  SEM;  median  233,  range  180-540)  (p=0.03)  (Figure  3A). 
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Figure  3.  Monocyte  CDIIb 
expression  among  T1D 
patients  is  higher  in  those 
who  are  overweight.  In  3A, 

column-scatter-plot  showing 
changes  in  mean 
fluorescence  intensity  (MFI) 
for  the  molecule  CDIIb  on 
monocytes  according  to  Body 
mass  index  (BMI)  in  thirteen 
patients  tested  at  2  months 
from  diagnosis  (Lean  n=6; 
Overweight  n=7).  In  3B,  same 
analysis  performed  in  thirty- 
one  T1D  patients  at  the  onset 
of  the  disease  (Lean  n=22; 
Overweight  n=9).  Horizontal 
bars  show  mean  CDIIb 
values.  Represents  significant 
difference  of  cell  surface 
expression  for  CDIIb 
between  T1D  patients  who 
are  overweight  (BMI>85th 
percentile)  and  lean  (BMI<85th 
percentile). 
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These  two  groups  were  not  different  in  terms  of  their  glycemic  control  as  measured  by  HbA1c  (7.1%±0.3 
in  the  overweight  group  versus  7.6%±4.5  in  the  non-overweight  group,  p=0.33)  and  none  of  them  were  in  DKA 
at  the  time  of  the  evaluation. 

Same  analysis  performed  in  patients  at  the  onset  of  the  disease  (n=31)  did  not  show  significant 
differences  in  monocyte  CDIIb  between  overweight  (BMI  >  85th  percentile)  (n=9)  (864±97  SEM;  median  713, 
range  291-1989),  and  lean  (BMI  <  85th  percentile)  (784±153  SEM;  median  543,  range  210-1574)  (n=22) 
patients  p=0.66  (Figure  3B).  These  two  groups  were  not  different  in  terms  of  their  control  as  measured  by 
HbA1c  (10.4%±0.5  in  the  overweight  group  versus  11.6%±0.4  in  the  non-overweight  group,  p=0.33)  or  the 
presence  of  DKA  (50  versus  31%,  p=0.65).  CDIIb  and  BMI  percentile  were  not  statistically  significantly 
correlated  (correlation  coefficient  0.027;  p=0.86). 


Conclusions 

Little  is  known  about  monocyte  phenotype  and  function  in  children  with  recently-diagnosed  T1D.  In  this 
study,  we  analyzed  the  expression  of  a  panel  of  adhesion  molecules  on  circulating  monocytes  in  T1D  children 
within  2  months  from  clinical  diagnosis  and  evaluated  the  potential  role  of  glycemic  control  and  BMI  on  cell 
phenotype.  We  found  that  among  the  markers  analyzed,  only  the  expression  of  CD1 1b  was  significantly  higher 
in  the  cohort  of  new-onset  diabetic  patients  (i.e.,  within  1  week  from  diagnosis)  as  compared  to  subjects  tested 
after  2  months  from  diagnosis.  CD1 1b  is  a  polypeptide  a-chain  linked  to  the  |32-subunit  of  CD18  that  constitute 
the  CD11/CD18  |32-integrin  family.  Resting  monocytes  constitutively  express  integrins,  which  are  important 
signal  transducers  for  virtually  all  monocyte  functions  by  mediating  cell  adhesion,  chemotaxis,  migration, 
phagocytosis,  and  oxidant  production.  After  monocyte  activation,  new  copies  of  CD11b/CD18  are  rapidly 
translocated  to  the  cell  surface  from  the  intracellular  granules  [21].  Our  finding  of  increased  CD1 1b  expression 
on  monocytes  at  the  onset  of  T1D  suggests  presence  of  immune  activation  at  such  an  early  stage  of  the 
disease.  This  result  also  supports  an  earlier  finding  of  increased  monocyte  CDIIb  expression  in  T1D  patients 
[14]. 

Within  the  cohort  of  new-onset  T1 D  patients,  children  who  presented  with  DKA  had  the  highest  levels  of 
monocytes  CDIIb  detected.  Although  these  data  did  not  reach  statistical  significance  most  likely  due  to  small 
numbers,  it  supports  a  previous  report  showing  presence  of  an  inflammatory  response  in  T1D  children  with 
DKA  [22].  However,  other  factors,  besides  DKA,  appear  to  be  involved  in  triggering  monocyte  activation  at  the 
onset  of  diabetes.  In  fact,  significantly  higher  monocyte  CDIIb  expression  was  detected  in  new-onset  T1D 
children  without  DKA  versus  those  without  DKA  at  2  months.  These  results  seem  to  suggest  that  the  onset  of 
diabetes  is  per  se  an  inflammatory  condition.  Further  studies  on  a  larger  number  of  patients  at  the  onset  of  T1 D 
are  required  to  better  define  the  inflammatory  state  present  in  DKA. 

We  found  that  diabetic  children  tested  after  2  months  from  diagnosis  who  were  overweight  (BMI  a  85th 
percentile)  displayed  higher  CDIIb  values  when  compared  to  lean  diabetic  children.  This  finding  supports  the 
association  between  obesity  and  inflammation  [17.18].  Recently,  it  has  been  shown  that  obesity  is 
characterized  by  abnormalities  in  peripheral  leukocyte  counts  [17],  increased  circulating  levels  of  the  pro- 
inflammatory  cytokine  interleukin(IL)-8  [9],  and  by  an  accumulation  of  immune  cells,  especially  macrophages, 
in  the  adipose  tissue  [18].  The  fact  that  we  could  not  detect  the  same  changes  of  monocyte  CDIIb  between 
overweight  and  lean  diabetic  children  within  the  cohort  of  patients  tested  at  the  onset  of  the  disease  is  probably 
due  to  the  confounding  effect  of  the  inflammatory  response  associated  with  the  onset  of  the  disease. 

The  factor(s)  triggering  up-regulation  of  CDIIb  on  the  monocytes  in  diabetes  and  its  biological 
significance  are  not  known.  One  hypothesis  would  be  that  the  increased  expression  of  CD1 1  b  on  monocytes  in 
diabetes  is  simply  a  marker  of  an  inflammatory  response,  which  becomes  more  pronounced  in  overweight 
children  and  in  children  who  present  with  DKA.  Alternatively,  CDIIb  up-regulation  could  reflect  an  increased 
monocyte  activation  in  response  to  poor  glycemic  control  and  insulin-deficiency  likely  present  at  the  onset  of 
diabetes,  which  is  supported  by  the  fact  that  HbA1c  levels  were  significantly  higher  at  the  onset  than  at  2 
months  and  by  the  fact  that  there  was  a  significant  correlation  between  the  two  variables.  In  addition,  diabetic 
children  with  higher  HbA1c  (HbA1c>8%)  also  had  higher  CDIIb.  A  third  explanation  envisions  that  intercurrent 
infections  may  have  precipitated  the  diagnosis  (due  to  increased  insulin  requirements)  and  be  responsible  for 
immune  activation.  At  this  point,  we  cannot  decide  to  which  extent  the  inflammatory  state  is  a  pathogenic 
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mechanism  contributing  to  the  development  of  T1D  or  is  the  response  to  a  metabolic  derangement.  In  the  first 
case,  the  inflammatory  state  should  precede  overt  diabetes  and  in  this  context  the  study  of  pre-diabetic 
subjects  (i.e.,  autoantibody-positive  individuals)  should  be  characterized  in  respect  to  the  inflammatory  state. 

Our  findings  of  increased  CDIIb  on  the  monocytes  of  T1D  patients  at  the  clinical  onset  of  diabetes 
would  strengthen  the  idea  that  these  cells  have  the  potential  to  adhere  to  the  endothelium  and  exit  the 
circulation  at  such  an  early  stage  of  the  disease.  In  fact,  current  investigations  in  our  laboratory  show  that 
monocytes  isolated  from  peripheral  blood  of  recently-diagnosed  T1D  patients  (who  were  free  from  any  vascular 
complications)  have  increased  adherence  to  Human  Umbelical  Vein  Endothelial  Cells  (HUVEC)  in  vitro 
(unpublished  preliminary  findings)  (Figure  4). 

A 


Subjects 


Figure  4.  Monocytes  from  T1D  patients  have  increased  adherence  to  HUVEC.  Freshly  isolated  monocytes  from  new  onset 
T1D  patients  (n=8)  and  from  healthy  controls  (n=5)  were  added  to  confluent  HUVEC  and  counted,  as  described  in  Materials  and 
Methods.  In  (A)  40x  photographs  of  monocytes  adherent  to  HUVEC.  In  (B)  Columns-scatter-dot-plot  showing  number  of 
monocytes  adherent  to  HUVEC  in  5  random  40x  fields  per  well.  Horizontal  bars  show  mean  number  of  monocytes.  The  number  of 
monocytes  of  T1 D  patients  adherent  to  the  wells  was  significantly  higher  than  in  normal  controls  (p  =  0.04). 
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These  findings,  although  preliminary,  would  support  the  hypothesis  that  monocytes  from  recent-onset 
T1D  patients  have  increased  adhesive  capacity  and  the  potential  to  exit  the  circulation  and  infiltrate  the  islets  of 
Langherans.  Protracted  inflammation  with  increased  expression  of  the  same  adhesion  molecules  could  be  the 
basis  for  late  diabetes-associated  atherosclerotic  vascular  complications. 


In  conclusion,  the  clinical  onset  of  T1D  is  associated  with  changes  in  activation-related  markers  on  the 
circulating  monocytes  as  part  of  a  generalized  inflammatory  response.  We  have  identified  the  leukocyte 
integrin  CD11b/CD18  as  a  crucial  molecule  up-regulated  on  circulating  monocytes,  especially  in  overweight 
children.  Enhanced  monocyte  CDIIb  would  support  the  notion  that  monocytes  of  recently-diagnosed  T1D 
patients  have  the  potential  to  adhere  to  the  endothelium,  most  likely  in  the  vasculature  of  the  pancreas,  and 
accumulate  in  the  islets. 
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In  our  second  quarterly  scientific  progress  report  (09/01/07  -  1 1/30/07,  we  presented  our  attempt  to  use 
bone  marrow  (BM)  enriched  hematopoietic  precursor  cells,  transfected  with  an  MHC  class  II  b  chain  gene  that 
confers  resistance  to  the  disease,  to  abrogate  autoimmunity. 

Type  1  diabetes  (T1D)  is  an  autoimmune  disease  the  clinical  onset  of  which  most  frequently  presents  in 
children  and  adolescents  who  are  genetically  predisposed.  In  light  of  accumulating  evidence  that:  a)  the 
endocrine  pancreas  has  regenerative  properties  (1-7);  b)  hematopoietic  chimerism  can  abrogate  destruction  of 
|3  cells  in  autoimmune  diabetes  (8,9),  so  that  physiologically-sufficient  endogenous  insulin  production  can  be 
restored  in  non-obese  diabetic  (NOD)  mice,  even  after  the  disease  clinically  presented  (10-12)  -  this  strain  of 
mouse  spontaneously  develops  T1D  with  etiopathogenetic  characteristics  very  similar  to  the  disease  in 
humans;  and  c)  these  regeneration  properties  of  the  endocrine  pancreas  have  also  been  seen,  even  if  only 
sporadically,  in  humans  (13,14),  we  propose  here  to  test  reliable  and  more  clinically  translatable  alternatives 
able  to  achieve  these  same  goals  in  non-human  primates. 

T1D  is  prevented  by  transfecting  a  “diabetes-resistant”  MHC  class  II  |3  chain  gene  allele  into  the 
hematopoietic  stem  cells  of  genetically  susceptible  (i.e.,  carrying  a  “diabetes-susceptible”  allele)  mice  (15).  The 
expression  of  the  newly  formed  diabetes-resistant  molecule  in  the  re-infused  hematopoietic  cells,  is  sufficient 
to  prevent  T1D  onset  in  the  NOD  mouse,  even  in  the  presence  of  the  native,  diabetogenic  molecule.  This 
approach  to  obtain  autoimmunity  abrogation  facilitates  the  recovery  of  autologous  insulin  production  also  in  the 
already-diabetic  individual.  Safe  induction  of  an  autoimmunity-free  status  might  become  a  new  promising 
therapy  for  T 1 D. 

Our  working  hypothesis  is  currently  tested  by  using  bone  marrow  (BM)  enriched  hematopoietic 
precursor  cells  (instead  of  a  non-fractionated  BM  cell  population  used  by  Tian  et  al.),  transfected  with  an  MHC 
class  II  |3  chain  gene  that  confers  resistance  to  the  disease,  to  abrogate  autoimmunity.  Also,  already  diabetic  -- 
rather  than  pre-diabetic  --  mice  are  treated  by  the  re-infusion  of  transfected  BM  enriched  precursors.  The 
enriched  precursors  are  able  to  generate  the  right  derivative  cells  and  in  sufficient  numbers  to  efficiently 
repopulate  the  thymus.  By  negatively  selecting  possibly  autoreactive  T  cell  clones,  and  making  peripheral 
tolerance,  mediated  by  T  regulatory  cells,  more  efficient,  autoimmunity  is  abrogated.  In  the  absence  of 
autoimmunity  and  of  diabetogenic  immunosuppressive  protocols,  by  adopting  auxiliary  means  to  correct 
hyperglycemia,  the  regenerative  property  of  the  autologous  endocrine  pancreas  repopulates  the  gland  with 
enough  insulin-producing  cells  to  restore  euglycemia.  Also,  to  avoid  the  use  of  radiation  to  eliminate  the 
activated  T  cell  clones  present  in  the  diabetic  patient,  an  antibody-based  preconditioning  is  used  instead. 
Finally,  we  are  determining  how  long  after  its  onset  disease  reversal  remains  possible. 

However,  the  evidence  generated  in  rodents  must  be  confirmed  in  non-human  primates  to  be  allowed 
to  quickly  transfer  this  protocol  to  humans.  Even  in  a  non-human  primate  that  does  not  spontaneously  develop 
autoimmunity  nor  T1 D,  safety  and  regenerative  issues  can  be  properly  addressed. 

To  this  goal  we  have  proposed: 

Task  1.  To  isolate  -  using  appropriate  antibodies  and  cell  sorting  -  bone  marrow  (BM)  cell  precursors  from  a 
diabetic  (i.e.,  streptozotocin  [STZ]  treated)  cynomolgus  monkey.  The  isolated  precursors  will  then  be 
transfected  ex  vivo  with  an  Mhc  class  II  beta  chain  gene  conferring  resistance  to  the  disease,  and  re¬ 
infused  in  the  BM  depleted  animal  to  determine  the  safety  of  this  maneuver. 

a)  This  protocol  will  be  implemented  immediately  after  diabetes  onset,  in  association  with  allogeneic  islet 
transplantation  to  guarantee  the  diabetic  animal’s  euglycemia  until  the  regenerative  process  brings  about 
sufficient  b  cells  to  make  the  islet  graft  obsolete. 

b)  In  parallel  experiments,  insulin-based  therapy  will  precede  transplantation  of  transfected  BM  cells  and  the 
protocol  will  be  implemented  after  a  protracted  insulin  therapy.  Exogenous  insulin  administration  will  continue 
after  protocol’s  implementation. 

Task  2.  To  ascertain  the  efficacy  of  engraftment  and  repopulation  capabilities  of  the  engineered 
hematopoietic  precursor  cells,  following  non-radiation  based  pre-conditioning. 

a)  We  will  systematically  substitute  to  irradiation  an  antibody-based,  i mm u no-reductive  conditioning  protocol, 
testing  different  quantities  and  well-defined  injection  schedules. 
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Task  3.  To  utilize  phage  integrases  to  guide  the  stable  and  irreversible  insertion  of  DNA  at  specific 
locations  within  the  genome  to  satisfy  the  need  for  an  everlasting  synthesis  of  the  b  chain  conferring 
resistance,  even  in  the  offspring  of  the  successfully  transfected  BM  precursor  cells. 

a)  Determine  if  any  of  the  three  Directlt™  recombinases  integrate  plasmid  DNA  at  pseudo  att  sites  in 
monkey  chromosomes. 

b)  Determine  if  the  best  recombinase  identified  in  Task  1  integrates  plasmid  DNA  into  mesenchymal 
stem  cells  (MSC)  of  cynomolgus  monkey. 

c)  Identify  the  pseudo  att  sites  in  MSC  of  cynomolgus  monkey. 

d)  Optimize  the  transfection  and  gene  targeting  procedure  for  integrating  plasmid  in  to  CD34+  cells 
of  cynomolgus  monkey. 

Task  4.  To  infuse  in  situ  appropriate  factors  (e.g.,  PAX4,  EGF,  LIF,  HGF,  GLP,  and  IGF)  able  to  speed 
up  the  physiologic  regenerative  process. 

a)  A  topical  route  via  the  pancreatic  duct  by  retrograde  delivery,  similar  to  a  commonly  used  clinic 
technique  ERCP  (endoscopic  retrograde  cholangio-pancreatography)  will  be  used. 

Task  5.  To  test  with  a  proteomics  approach  whether  the  successfully  infused  target  tissue  secrete, 
during  regeneration,  the  product(s)  of  the  transfected  gene(s)  and  additional,  spontaneously- 
generated,  adjuvant  factors. 

a)  Isolated  endocrine  and  exocrine  tissues  obtained  at  the  autopsy,  will  be  used  any  time  they  become 
available. 

b)  The  pancreatic  fluid  will  be  collected  from  the  duct  of  the  treated  monkeys,  by  using  the  ERCP  technique 
and  its  content  analyze  in  detail  in  terms  of  relative  quantities  of  each  of  the  proteins  present. 


In  summary  our  final  goal  is  to  obtain  autoimmunity  abrogation  in  a  diabetic  patient  via  an  autotransplant  of 
precursor  cells  transfected  with  HLA  class  II  b  chain  genes  conferring  resistance  to  the  disease  and,  while 
correcting  his/her  hyperglycemia  using  conventional  insulin  administrations,  leave  “nature”  to  heal  the  rest.  We 
also  propose  to  speed  up  the  natural  process  of  healing  by  endoscopic  retrograde  intraductal  delivery  of 
factors  known  to  promote  b  cell  regeneration.  Should  this  approach  work  satisfactorily,  our  young  patients  will 
be  cured  for  good,  without  any  need  for  long  drug  therapies  associated  with  troublesome  consequences. 

Towards  Task  #1  we  focused  on  the  isolation  of  “BM  cell  precursors  from  a  diabetic  (i.e.,  streptozotocin 
[STZ]  treated)  cynomolgus  monkey”. 

With  regards  to  the  STZ  treatment  we  can  say  that  so  far  we  have  accumulated  evidence  that 
regeneration  of  the  endogenous  pancreas,  in  a  chemically  (STZ)  induced,  diabetic  monkey  --  transplanted  with 
a1,3-galactosyltransferase  double  knockout  (DKO)  (26)  pig  islets,  in  which  these  islets  can  substitute  for 
endogenous  islets  producing  enough  insulin  (monitored  by  pig  C-peptide)  to  control  the  recipient  animal 
glycemia  --  starts  to  take  place  a  few  months  after  the  total  destruction  of  the  b  cells,  provided  that 
diabetogenic  immunosuppressants  are  not  used.  In  Figure  1  we  show  how  after  STZ  treatment  the  endocrine 
pancreas  of  the  monkey  is  not  any  longer  able  to  produce  sufficient  quantities  of  insulin  to  satisfy  the  need  of 
the  animal  that  consequently  becomes  diabetic. 


Figure  1.  Monkey  pancreas  4  hours,  7  hours,  and  4  weeks  after  150mg/kg  STZ  infusion.  Insulin  in  red. 
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Regeneration  properties  are  overpowered  by  the  effects  of  diabetogenic  immunosuppressive  cocktails:  the 
monkey  C  peptide  levels  remained  lower  than  0.5ng/ml  for  the  entire  duration  of  all  these  experiments  and 
Arginine-stimulation-test  was  always  blunted  when  performed  during  follow-up  (Figure  2). 


IVGTT  week  3  post-tx 


TO  T  10'  T 15'  T  30’ 


-  -  porcine  C-peptide 

—  monkey  C-peptide 


Figure  2.  IVGTT  carried  out  on  monkey  recipient  3  weeks  following  pig  islet  xenotransplantation.  Porcine  (graft)  and  monkey 

(endogenous)  C  peptide  levels  are  shown. 


More  than  three  months  after  STZ  treatment  --  in  the  absence  of  diabetogenic  immunosuppressant  agents  and 
using  instead  an  anti-CD154  monoclonal  antibody  to  block  the  recipient’s  immune  system  --  the  monkeys  not 
only  keep  producing  pig  C-peptide  but  eventually  recovered  the  ability  to  produce  monkey  C-peptide.  New 
insulin-producing  cells  are  appearing  with  time  in  the  monkey  endogenous  pancreas  eventually  forming  insulin- 
producing  conglomerates  of  cells  (Figure  3).  _ 


Figure  3.  Monkey  pancreas  four  months  after  transplantation.  Insulin  in  green. 
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Towards  Task  #1  we  also  tested  the  possibility  to  isolate  BM  cell  precursors  from  diabetic  (i.e., 
streptozotocin  [STZ]  treated)  cynomolgus  monkeys  and  our  ability  to  isolate,  expand  and  transfect  them. 

Isolation:  Vertebrae  were  surgically  removed  from  monkeys  ( Cynomolgus  Macaque)  euthanized  for 
islet  transplantation  studies.  Connective  tissues  and  muscles  were  removed  with  scalpel  and  the  cleaned 
vertebrae  were  crushed  to  release  the  bone  marrow  cells.  Dead  cells  and  red  blood  cells  were  further  removed 
by  Ficoll-g radient  centrifugation.  A  total  of  5±2  xIO9  bone  marrow  cells  were  harvested  from  each  monkey  and 
subjected  to  magnetic  bead-based  progenitor  cell  isolation.  We  tested  two  commercially  available  CD34+ 
progenitor  cell  isolation  systems:  the  DYNAL  CD34+  progenitor  cell  selection  system  (Invitrogen)  and  the 
CD34+  progenitor  cell  isolation  kit  from  Miltenyi.  As  shown  in  Figure  4,  we  were  able  to  isolate  hematopoietic 
progenitor  cells  from  the  monkey  bone  marrow  cells  at  a  recovery  rate  around  1.1  ±0.2%  with  the  DYNAL  kit. 
The  isolated  progenitor  cells  were  aliquoted  and  stored  in  liquid  nitrogen  for  future  use. 

Manipulation  of  Monkey  CD34+  progenitor  cells 


Figure  4.  Isolation  of  Monkey  CD34+  Progenitor  Cells.  Bone  marrow  cells  from  monkey  vertebrae  were  harvested  and  stained 
with  anti-CD34  antibody  anchored  on  magnetic  beads.  We  tested  two  commercially  available  systems  for  the  isolation 
procedure,  and  found  that  the  DYNAL  system  is  superior  to  the  Miltenyi  one,  with  a  much  higher  recovery  rate. 


Days 

Figure  5.  In  vitro  Culture  of  Monkey  CD34+  Progenitor  Cells.  CD34+  progenitor  cells  harvested  were  cultured  in  vitro, 
supplemented  with  growth  factors  (human  recombinant  SCF,  TPO  and  Flt-3).  The  doubling  time  is  about  72  hours. 
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Expansion:  We  were  able  to  recover  and  grow  the  liquid  nitrogen-stored  monkey  progenitor  cells  with 
growth  factor  supplements  (StemSpan  CC110  cytokine  cocktail  from  Stemcell  Technologies,  including  100 
ng/mL  rh  Flt-3  ligand,  100  ng/ml_  rh  stem  cell  factor  and  100  ng/mL  rh  thrombopoietin).  Under  such  condition, 
these  progenitor  cells  can  expand  more  than  20  times  with  a  doubling  time  about  72  hours  (Figure  5). 

Transfection:  To  further  investigate  the  probability  of  subjecting  the  cultured  CD34+  monkey  bone 
marrow  progenitor  cells  to  therapeutic  use,  we  used  the  human  hematopoietic  progenitor  Nucleofector  kit  from 
AMAXA  GmbH  to  introduce  the  green  fluorescent  protein  (GFP)  expressing  plasmid  pmaxGFP  into  these  cells. 

It  was  shown  in  previous  studies  that  the  Nucleofector  technology  could  be  successfully  used  to  introduce 
transgenes,  transiently  as  well  as  stably,  into  a  variety  of  primary  stem  cell  populations,  such  as  adipose 
progenitor  cells,  neuronal  progenitor  cells,  and  human  bone  marrow  progenitor  cells.  Seventy-two  hours  after 
electroporation,  bone  marrow  cells  were  analyzed  by  fluorescein-activated  cell  sorting  (FACS)  analysis.  More 
than  50%  of  bone  marrow  cells  were  GFP  positive,  indicating  high-efficient  transfection  of  the  pmaxGFP 
plasmid  (Figure  6). 


Figure  6.  High  Efficient  Transfection  of  Monkey  CD34+  Cells.  In  vitro  cultured  CD34+  progenitor  cells  were  transfected  with 
pmaxGFP  plasmid,  using  the  Amaxa  Nucleoporator  system.  72  hours  after  electroporation,  about  50%  cells  are  GFP+. 


Taken  together,  we  have  overcome  all  the  technical  hurdles,  and  are  able  to  isolate,  store,  expand  and 
manipulate  (introducing  transgenes)  CD34+  monkey  bone  marrow  progenitor  cells  in  vitro. 
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In  our  third  quarterly  scientific  progress  report  (12/01/07  -  02/29/08)  we  then  reported  the  possibility  of 
using  stem  cells  of  different  origins  to  favor  endocrine  pancreas  cell  regeneration. 


INTRODUCTION 

Type  1  diabetes  is  an  autoimmune  disease  characterized  by  the  selective  loss  of  the  beta  cell  mass  in  the 
pancreas  and  the  subsequent  lack  of  a  single  secreted  and  circulating  protein,  i.e.,  insulin  (1).  As  an  example 
of  a  mono-cellular  deficiency  state  diabetes  has  tremendous  appeal  as  a  target  for  cell  replacement  therapy. 
Whole  pancreas  and  isolated  islet  transplantation  are  currently  the  two  available  alternatives  for  beta  cell 
replacement,  although  their  feasibility  is  severely  limited  by  the  shortage  of  donors  and  the  need  for  lifelong 
immunosuppressive  therapy  (2).  In  2000,  Shapiro  et  al.  provided  the  undeniable  “proof  of  principle”  that  the 
reestablishment  of  an  adequate  beta  cell  mass  via  transplantation  of  isolated  human  islets  can  restore 
euglycemia  in  patients  with  insulin-dependent  T1 D  (3).  Unfortunately,  two  or  more  pancreata  per  recipient  were 
necessary  to  achieve  insulin  independence  (4).  Thus,  many  efforts  are  now  aimed  at  finding  alternative 
sources  of  insulin-producing  cells  which  satisfy  the  need  for  a  large  number  of  transplantable  cells  while 
preserving  the  physiological  function  of  the  beta  cell,  i.e.  the  ability  to  sense  blood  glucose  levels  and 
consequently  release  the  appropriate  amount  of  hormone.  Stem  cells,  which  can  be  isolated  from  embryonic, 
fetal,  and  adult  tissues  might  represent  such  an  unlimited  source  because  of  their  ability  to  self-renew  by 
symmetric  division  while  retaining  the  potential  of  differentiating  under  the  proper  conditions  into  the  desired 
phenotype  (5). 

EMBRYONIC  STEM  CELLS 

Embryonic  stem  cells  (ESCs)  are  derived  from  the  inner  cell  mass  of  the  blastocyst  which  forms  several  days 
after  an  egg  is  fertilized  (6).  ESCs  can  be  defined  as  totipotent;  they  are  able  to  generate  all  of  the  tissues  of 
the  developing  organism.  Evidence  of  this  property  was  demonstrated  by  the  injection  of  mouse  ESCs  of  one 
strain  into  the  blastocyst  of  a  second  strain.  Following  re-implantation  into  mice,  the  ESCs  contribute  to  the 
formation  of  all  the  tissues  of  the  embryo  chimera  (7).  For  this  reason,  human  ESCs  (hESCs)  might  represent 
an  excellent  source  of  large  numbers  of  transplantable  cells  to  be  used  for  cell  replacement  therapies.  Human 
ESCs  express  telomerase  activity  and  many  specific  biomarkers  such  as  Oct-4,  Nanog,  Thy-1,  stage  specific 
embryonic  antigen-3  and  -4,  and  tumor-rejection  antigen-1 -60  and  -1-81  (8).  These  markers  have  been  used  to 
characterize  hESCs  in  comparison  to  other  stem  cells  with  less  plasticity  and  more  limited  differentiation 
potential.  In  addition,  cultured  ESCs  can  easily  be  manipulated  genetically  via  ectopic  transgene  expression  or 
homologous  recombination-based  approaches,  thereby  providing  powerful  model  systems  for  the  study  of 
mammalian  embryogenesis  and  disease  processes  (8).  Despite  these  advantages,  the  therapeutic  use  of 
hESCs  has  major  drawbacks  in  clinical  application,  not  limited  to  ethical  concerns  relative  to  embryo 
manipulation  (9).  Main  obstacles  are  the  allogeneic  nature  of  the  cells  with  their  consequent  chance  of  immune 
rejection  reactions,  and  the  possibility  of  teratoma/teratocarcinoma  formation  after  implant  in  ectopic  sites, 
which  is  a  natural  consequence  of  their  broad  differentiation  potential  (8).  Therefore,  at  least  to  prevent  the 
latter  issue,  cells  derived  from  ESCs  should  be  depleted  of  the  undifferentiated  population  before  their  safe 
transplantation. 

A  large  number  of  studies  described  the  derivation  of  surrogate  beta  cells  from  mouse  and  human 
ESCs.  In  2000,  Soria  et  al.  first  used  the  so-called  “promoter  trapping”  approach  to  enhance  the  survival  of 
insulin-producing  cells  taking  advantage  of  spontaneous  differentiation  of  mouse  ESCs  (10).  Spontaneous 
differentiation  was  also  reported  in  human  ESCs  (11).  However,  the  major  challenge  remained  the  one  of 
directing  in  vitro  the  differentiation  of  ESCs  into  a  specific  target  cell  and  at  the  same  time  preventing  or 
suppressing  all  other  unnecessary  alternatives  of  the  pluripotent  repertoire.  In  2001  Lumelski  et  al.  claimed  that 
functional  islet-like  structures  could  be  produced  from  mouse  ESCs  using  a  relatively  simple  five-step 
procedure  (12).  Influenced  by  the  similarities  existing  between  neural  and  islet  cells  --  including  their  shared 
expression  of  the  intermediate  filament  protein  Nestin  and  the  transcription  factors  Isll,  Ngn3,  Pax6,  Pax4,  and 
beta2NeuroD  --  their  approach  was  based  on  protocols  developed  to  differentiate  mouse  ESCs  towards 
neurons.  A  major  critique,  elegantly  demonstrated  by  Melton  and  his  group  in  2003,  was  that  insulin  positive 
staining  of  supposedly  differentiated  ESCs  was  an  artifact  due  to  absorption  of  the  hormone  from  the  media. 
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Co-culturing  of  human  ESCs  with  developing  murine  pancreas  to  facilitate  their  maturation  into  beta-like 
cells  was  another  method  tested  (16).  More  recently,  the  dramatic  evolution  in  the  discipline  of  developmental 
biology  and  the  deeper  understanding  of  the  physiologic  ontogeny  of  the  pancreas,  has  led  to  more  precise 
protocols  for  directing  differentiation  of  embryonic  stem  cells  towards  insulin-producing  cells.  Achievement  of 
this  goal  was  reported  in  2006  using  a  five-step  protocol  designed  to  mimic  pancreatic  organogenesis  (17). 
The  authors  were  able  to  differentiate  a  consistent  fraction  of  hESCs  into  islet-like  cells  capable  of  synthesizing 
the  hormones  insulin,  glucagon,  somatostatin,  pancreatic  polypeptide,  and  ghrelin.  The  insulin  content  per  cell 
and  the  frequency  with  which  beta-like  cells  were  obtained  was  quite  remarkable,  however  glucose 
responsiveness  was  not  assessed  nor  were  in  vivo  studies  performed  (18). 

ADULT  STEM  CELLS  AND  PROGENITOR  CELLS 

Somatic  or  adult  stem  cells  (ASCs)  are  present  within  post-natal  tissues  and  are  thought  to  be  more  limited  in 
their  differentiation  ability  than  totipotent  ESCs.  They  are  defined  as  multipotential  and  they  possess  some 
advantages  over  ESCs,  such  as  their  use  for  autologous  transplantation  which  virtually  bypasses  the  need  for 
immunosuppression,  their  nearly  nonexistent  tumorogenic  behavior,  and  the  absence  of  related  ethical 
concerns  (19). 

The  physiologic  role  of  ASCs  is  to  support  cell  turnover  under  homeostatic  conditions  or  exceptional 
circumstances,  i.e.,  regeneration  of  damaged  tissues  after  severe  injuries.  ASCs  are  generally  considered  not 
terminally  differentiated  but  pre-committed  to  only  generate  cells  of  the  tissue  with  which  they  share  the 
embryological  origin.  However,  it  has  been  reported  that  some  ASCs  can  give  rise  to  cell  types  other  than  their 
default  ones.  Accumulating  lines  of  evidence  revealed  for  example  that  bone  marrow  (BM)  harbors  not  only 
hematopoietic  stem  cells,  which  are  committed  to  differentiate  into  blood  cells,  but  also  the  less  differentiated 
mesenchymal  stem  cells  (MSCs)  (20).  When  transplanted  in  NOD  mice,  MSCs  were  reported  to  be  able  to 
differentiate  into  glucose-competent  pancreatic  endocrine  cells  (21),  although  confirmatory  studies  resulted  in 
controversial  outcomes.  Indeed,  it  has  been  suggested  that  MSCs  do  not  become  insulin-producing  cells  per 
se,  rather  they  take  part  in  islet  vascularization  eventually  promoting  beta-cell  regeneration  (22).  It  has  also 
been  proposed  that  BM  cells  promote  the  functional  recovery  of  residual  beta  cell  mass.  This  is  suggested  by 
the  fact  that  allogeneic  transplantation  of  BM  cells  from  autoimmunity-free  strains  of  mice  abolishes  the 
autoimmune  process  in  NOD  mice  before  and  even  after  the  clinical  onset  of  the  disease,  creating  a 
hematological  chimera  that  allows  the  physiologic  recovery  of  sufficient  recipient  insulin-producing  cells  to  re¬ 
establish  euglycemia  in  the  treated  diabetic  animals  (23).  Transplantation  of  human  MSCs  was  also  shown  to 
induce  repair  of  pancreatic  islets  and  renal  glomeruli  in  NOD/scid  mice  with  STZ-induced  diabetes  (24). 

Since  a  “resident”  expandable  stem  cell  would  be  an  advantageous  starting  point  for  the  generation  of 
new  beta  cells,  there  have  been  studies  which  focus  on  the  characterization  of  possibly-existing  pancreatic 
progenitor  cells.  In  2000  Ramiya  et  al.  (25)  claimed  that  long-term  cultivation  of  pancreatic  ductal  epithelial 
cells  isolated  from  adult  NOD  mice  contained  stem  cells  able  to  differentiate  into  islets  of  Langerhans.  These 
surrogate  islets  responded  in  vitro  to  glucose  challenge,  and  reversed  insulin-dependent  diabetes  after  being 
implanted  into  diabetic  NOD  mice.  Similar  observations  were  reported  using  more  defined  culture  conditions  in 
which  isolated  human  pancreatic  duct  preparations  led  to  formation  and  propagation  of  human  islet-like 
structures  (26).  Whether  these  results  can  be  explained  by  the  existence  of  proper  pancreatic  stem  cells  (and 
not  surviving  endocrine  contaminants)  has  not  been  rigorously  determined,  although  other  studies  based  on 
selective  human  duct  labeling  confirmed  that  endocrine  progenitors  might  reside  in  ducts  (27).  Besides  the 
ductal  progenitors,  it  has  been  proposed  that  pancreatic  stem  cells  may  also  reside  within  the  islets  or  that  the 
beta  cells  themselves  can  regenerate  (28). 

Progenitor  cells  found  in  the  liver  can  be  converted  into  pancreatic  endocrine  hormone-producing  cells 

(29) .  Pancreas  and  liver  share  the  same  embryological  origin  and  it  has  been  reported  that  trans-differentiation 
of  pancreas  into  liver  occurs  both  naturally  in  vivo  and  in  animal  models  after  a  number  of  experimental 
treatments.  It  has  been  argued  that  the  reverse  inter-conversion  of  liver  into  pancreas  should  also  be  possible 

(30) .  Zalzman  et  al.  (31)  were  able  to  immortalize  a  population  of  human  fetal  liver  epithelial  progenitor  cells 
that,  once  transfected  with  the  pdxl  gene,  gave  rise  to  a  stable  population  of  insulin-producing  cells.  Intra- 
peritoneal  transplantation  of  these  cells  into  NOD/scid  mice  led  to  reversal  of  diabetes  for  80  days. 
Therapeutically  the  process  of  trans-differentiation  is  very  interesting  and  attractive,  since  it  involves  de¬ 
differentiation  towards  a  common  progenitor-like  stage  with  an  associated  proliferative  potential  which  can 
eventually  be  guided  towards  a  predetermined  differentiated  cell  type.  Gershengorn  and  collaborators  first 
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described  such  phenomenon  as  epithelial-to-mesenchymal  transition  (EMT)  of  islet-derived  tissue  cultures, 
characterized  by  their  extensive  proliferation  and  eventual  re-differentiation  towards  endocrine  cells  (32). 
However,  many  critiques  were  advanced  from  other  groups  claiming  that,  at  least  in  mouse  pancreatic 
cultures,  islet-derived  fibroblast-like  cells  are  not  derived  via  EMT  from  pancreatic  beta  cells  (33,  34).  Later 
Gershengorn  confirmed  the  existence  of  differences  between  human  and  mouse  cultures  (35). 

FETAL  AND  UMBILICAL  CORD  BLOOD  STEM  CELLS 

Fetal  (placental,  amniotic,  trophoblastyc)  and  umbilical  cord  blood  (UCB)  stem  cells  are  considered  multipotent 
and  share  with  ASCs  the  same  advantages  over  ESCs.  Fetal  and  UCB  stem  cells  also  possess  other 
characteristics,  which  make  their  use  a  very  appealing  alternative.  UCB  is  a  convenient  source  of  stem  cells 
because  of  the  potentially  unlimited  donor  pool,  its  easy  accessibility,  the  absence  of  distress  for  the  donor 
when  harvesting,  and  the  low  risk  of  viral  transmission  (36).  In  addition,  UCB  stem  cells  seem  to  have  less 
restrictive  transplant  requirements  in  comparison  to  adult  BM  cells,  possibly  due  to  their  low  expression  of 
human  leukocyte  antigens  (HLA)  (37).  Published  data  about  the  phenotype  of  the  subpopulation  of  UCB  able 
to  differentiate  into  non-hematopoietic  cells  is  scarce.  Kogler  et  al.  in  2004  first  characterized  a  pluripotent 
adherent  CD45-  population  of  cells,  called  “unrestricted  somatic  stem  cells”  (USSCs),  able  to  differentiate  in 
vitro  into  osteoblasts,  chondroblasts,  adipocytes,  hematopoietic,  neural  and  hepatic  cells  (38).  More  recently, 
other  adherent  UCB  stem  cell  populations,  with  both  embryonic  and  hematopoietic  characteristics,  have  been 
identified  (39,40).  These  cells  not  only  showed  several  ESC-specific  molecular  markers,  including  the 
transcription  factors  OCT4  and  Nanog  and  the  embryonic  antigens  SSEA-3  and  SSEA-4,  but  also  possessed 
the  ability  to  differentiate  in  vitro  into  cells  with  characteristics  of  the  three  embryonic  layers.  More  notably,  in 
our  laboratory  they  were  successfully  directed  to  become  insulin-producing  cells  (Figure  1  and  2).  In  vivo 
experiments  confirmed  these  results:  once  transplanted  into  an  NOD/scid  mouse,  these  same  cells  were  able 
to  generate  human  insulin  (41).  However,  it  has  been  argued  that  the  demonstrated  restoration  of  metabolic 
function  could  merely  be  the  result  of  cell  fusion  with  host-derived  beta  cells  rather  than  a  true  de  novo  cell 
generation,  i.e.,  neogenesis. 


Fig  1.  USSCs  in  various  phases  of  expansion  and  differentiation.  (A)  undifferentiated  cells  at  peak  of  logaritmic  growth;  (B) 
cells  at  confluency;  (C)  cells  gather  and  (D)  start  to  form  islet-like  structures;  (E)  and  (F)  show  differentiated  islet-like 
bodies.(A):  cells  cultured  in  basal  media;  (B)-(F):  cells  cultured  in  differentiation  media 
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Fig  2.  immunofluorescence  analysis  of  USSCs  (A)  differentiated  islet-like  bodies  stain  positive  for  insulin;  (B)  undifferentiated 
USSCs  are  negative.  Red:  insulin;  Blue:  nuclei 

Stem  cells  were  isolated  from  amniotic  fluid  which  is  known  to  contain  multiple  cell  types  derived  from 
the  developing  fetus  (42).  These  cells,  named  AFS,  are  claimed  to  be  pluripotential,  able  to  give  rise  to  tissue 
from  all  of  the  three  germ  layers.  Recently,  stem  cells  isolated  from  human  placental  tissues  --  placental- 
derived  multipotent  stem  cells  (PDMSCs)  --  were  induced  to  differentiate  into  insulin  positive  cells  (43). 
PDMSCs,  which  express  the  ESC  markers  OCT4  and  Nanog,  were  cultured  in  conditioning  media  for  4  weeks 
and  gradually  formed  3D  spheroid  bodies.  PCR  analysis  of  the  bodies  revealed  the  expression  of  the  early 
pancreatic  markers  PDX1  and  Foxa2,  followed  by  appearance  of  the  mature  pancreatic  markers  insulin, 
glucagon  and  somatostatin.  When  transplanted  in  STZ-treated  mice  PDMSCs  were  able  to  normalize  blood 
glucose.  Insulin  secretion  was  also  successfully  assessed  in  vitro. 


CONCLUSIONS 

Type  1  diabetes  is  an  excellent  candidate  for  cell  replacement  therapy.  The  last  few  years  have  seen  an 
increase  in  the  publication  of  experiments  carried  out  to  obtain  surrogate  insulin-producing  cells.  Stem  cells, 
which  have  been  isolated  from  embryonic,  fetal,  and  adult  tissues,  hold  great  promise  for  the  treatment  and 
potential  cure  of  diabetes.  However,  despite  the  enormous  scientific  potential  of  human  stem  cell  research,  its 
clinical  application  is  still  limited  by  many  challenges. 

First,  regardless  of  their  nature,  the  stem  cells  must  be  guided  efficiently  to  differentiate  into 
therapeutically  relevant  cells,  i.e.,  possessing  the  ability  to  sense  blood  glucose  levels  and  consequently 
release  insulin  in  physiologically  appropriate  quantities.  The  primary  challenge  for  ESCs  remains  the 
differentiation  in  vitro  into  a  specific  target  cell  while  preventing  or  suppressing  all  other  alternatives  of  their 
pluripotent  repertoire.  Strategies  include  attempts  to  recapitulate  or  exploit  the  developmental  program  that 
orchestrates  pancreatic  islet  ontogeny,  as  well  as  directing  cells  along  new  pathways  not  experienced  by  that 
cell  type  in  vivo.  Although  promising,  the  majority  of  these  studies  have  no  immediate  clinical  applicability 
because  of  the  low  production  of  insulin  or  the  lack  of  glucose-regulated  secretion  even  in  successfully  treated 
cells. 

Second,  though  ESCs  possess  the  widest  differentiation  potential  and  should  therefore  be  the  best 
candidates  for  cell  replacement  therapy,  they  are  ethically  problematic  to  some,  may  give  rise  to  teratomas 
when  implanted  outside  their  physiologic  niche,  and  are  by  definition  only  allogeneic.  On  the  other  hand,  ASCs 
are  ethically  acceptable  to  most  people,  but  lack  the  pluripotency  of  ESCs.  Furthermore,  recent  sensational 
publications  suggest  that  it  is  possible  to  approach  the  otherwise  unparalleled  pluripotency  of  the  ESCs  by  re¬ 
programming  differentiated  human  somatic  cells  (e.g.,  adult  human  dermal  fibroblasts)  by  transduction  of  four 
defined  transcription  factors,  OCT4  and  SOX2,  plus  either  Klf4,  and  c-Myc  (44)  or  Nanog  and  Lin28  (45). 
These  procedures  should  allow  the  creation  of  patient-specific  stem  cells  which  would  be  virtually  free  of 
rejection  concerns.  These  studies  await  full  confirmation  since  the  lack  of  published  studies  using  true  clonal 
analysis  raises  fundamental  scientific  concern  regarding  the  legitimacy  of  attributing  extensive  pluripotency  to 
these  tissue-derived  somatic  stem  cells.  However,  using  these  induced  pluripotent  stem  cells  (iPS),  Hanna  et 
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al.  (46)  were  able  to  rescue  mice  from  their  humanized  sickle  cell  anemia.  Autologous  iPS  were  guided  in  vitro 
to  differentiate  into  hematopoietic  progenitors  --  after  their  genetic  defect  was  corrected  through  homologous 
recombination  -  and  then  transplanted  into  the  same  affected  animal  which  donated  the  original  fibroblasts. 
The  authors  of  this  study  correctly  added  that  “problems  associated  with  using  retroviruses  and  oncogenes  for 
reprogramming  need  to  be  resolved  before  iPS  cells  can  be  considered  for  human  therapy”. 

Finally,  in  the  case  of  T1D,  any  suggested  cell  therapy  will  also  have  to  deal  with  the  underlying 
autoimmune  disease,  since  the  autoreactive  T-lymphocytes  will  eventually  kill  new  beta  cells  generated  to 
replace  those  lost.  Cord  blood  or  placental  stem  cells  might  address  these  concerns  because  they  express 
histocompatibility  antigens  in  very  limited  amounts. 

In  conclusion,  although  human  stem  cell  research  carries  with  it  enormous  scientific  potential  in  the 
treatment  and  possible  cure  of  T1 D,  it  is  still  hard  to  say  when  this  approach  will  be  successfully  applied  in  the 
clinic.  However,  the  rapid  progression  of  science  in  this  particular  challenging  field  of  investigation  has  been 
especially  reassuring. 
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In  the  fourth  and  final  quarterly  scientific  progress  report  (3/01/08  -  05/30/08)  of  Year  02  we  now  report  on 
direct  evidence  of  regeneration  in  the  monkey  tissue. 

Introduction 

Until  a  few  years  ago,  lesions  of  the  endocrine  pancreas,  as  they  occur  in  Type  1  Diabetes  (T1D),  were 
thought  to  be  permanent  and  irreversible  since  diabetic  patients  require  hormone  replacement  therapy  for  life 
(1).  Despite  the  clinical  evolution  of  the  disease,  it  is  still  unknown  whether  the  islet  beta  cells  preserve,  at  least 
in  part,  the  ability  to  heal  from  an  injury.  Moreover,  it  is  not  clear  whether  in  T1 D  a  possible  recovery  of  the  beta 
cell  mass  is  contrasted  by  the  destructive  mechanisms  that  cause  diabetes  in  the  first  place  (3). 

In  mouse  models,  evidence  has  accrued  that  adult  animals  retain  the  ability  to  expand  their  beta  cell  mass 
after  stimulation  with  a  variety  of  triggers  (4-7).  It  has  also  been  shown  that  in  the  non-obese  diabetic  mice 
(NOD),  strategies  involving  reversal  of  the  autoimmune  attack  were  key  to  allow  recovery  of  sufficient 
endogenous  insulin  production  even  after  diabetes  onset  (8-12).  It  remains  largely  uncertain  through  which 
molecular  and  cellular  mechanisms  the  reparative  process  works,  i.e.  if  new  beta  cells  are  formed  via  self¬ 
proliferation  or  originate  from  pancreatic  precursors  as  they  do  during  embryonic  development  (2). 

In  humans,  the  ability  of  post-natal  pancreas  to  expand  beta  cell  mass  after  injury  is  still  debated  (13- 
15).  Spontaneous  recovery  of  the  beta  cell  function  has  been  reported  in  only  a  few  cases  of  patients 
previously  diagnosed  with  T1D.  These  individuals  experienced  a  return  to  endogenous  insulin  production  after 
diagnosis  and  initiation  of  exogenous  insulin  treatment.  Concurrently,  the  humoral  signs  of  autoimmunity  (i.e., 
autoantibody  positivity)  eventually  vanished  (16-19). 

It  has  been  reported  that  in  humans  some  beta  cells  are  still  present  even  years  after  the  clinical  onset 
of  diabetes  (20).  We  also  know  that  in  the  healthy  pancreas  only  a  limited  islet  mass  is  actively  engaged  in 
supplying  insulin  to  maintain  normoglycemia,  meaning  that  the  critical  mass  that  needs  to  be  functional  at  a 
given  time  point  is  far  less  than  that  of  the  entire  pancreatic  beta  cell  pool  (21).  This  observation  may  entail  that 
replacement  of  relatively  small  numbers  of  insulin  producing  cells  should  exert  substantial  effects  in  patients. 

The  potential  for  the  pancreatic  organ  to  recover  the  endocrine  function  is  quite  fascinating  and  it  is  the 
object  of  intense  focus  for  possible  clinical  applications.  Non-human  primates  are  important  animal  models  for 
pre-clinical  studies  and,  in  particular,  for  xenotransplantation  experiments.  From  a  physiological  point  of  view, 
monkeys  and  humans  present  strong  similarities  even  though  the  monkey  does  not  show  signs  of  spontaneous 
autoimmune  diabetes  (22).  Nonetheless  a  permanent  diabetic  status  can  be  induced  by  total  pancreatectomy 
or  by  chemical  destruction  of  the  beta  cells  with  streptozotocin  (STZ)  (23).  It  is  therefore  of  great  value  to 
investigate  the  potential  of  non-human  primate  pancreatic  tissue  to  recover  endogenous  insulin  production 
after  injury. 

Our  experimental  protocol  involved  induction  of  diabetes  in  eleven  monkeys  by  high  dose  of  STZ 
followed,  in  eight  of  them,  by  intra-portal  pig  islet  transplantation.  In  the  pig-to  monkey  model,  endogenous 
primate  C-peptide  can  be  easily  distinguished  from  donor  pig  C-peptide.  No  spontaneous  recovery  of 
endogenous  function  was  observed  in  any  of  the  STZ-diabetic  monkeys  that  were  not  transplanted  (n=3)  and 
in  those  that  experienced  early  graft  failure  (n=6).  In  two  diabetic  recipients  in  whom  pig  islet  graft  functioned 
for  a  few  weeks,  we  observed  instead  increasing  endogenous  C-peptide  levels  paralleled  by  clinical 
improvement,  associated  to  supportive  histological  and  molecular  findings.  Interestingly,  exceptionally  long 
graft  survival  time  was  not  associated  with  recovery  of  endogenous  beta  cell  function  (our  unpublished  data 
and  24). 

Results. 

Recovery  of  endogenous  C-peptide  in  two  STZ-diabetic  islet  recipients 

All  monkeys  became  hyperglycemic  within  48  hours  following  STZ  injection.  Diabetic  monkeys  were 
administered  exogenous  insulin  to  lower  blood  glucose  levels  and  prevent  DKO.  Diabetic  monkeys  that  did  not 
undergo  transplantation  and  islet  recipients  with  early  graft  loss  (undetectable  porcine  C-peptide  or  detection 
for  less  than  2  weeks)  showed  no  significant  increase  of  the  autologous  C-peptide  over  the  post-STZ  basal 
levels  (Figure  1)  for  more  than  one  year  and  exogenous  insulin  requirements  remained  unchanged  (data  not 
shown).  The  pancreatic  tissue  showed  islets  characterized  by  well-preserved  glucagon  staining  but  almost 
complete  absence  of  insulin  positive  cells  (Figure  2). 
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Figure  1:  Relative  increase  of  endogenous  C-peptide  over  basal  post-STZ  values.  Close  lines  indicate  STZ-  diabetic 
monkeys  that  were  not  transplanted  (n=3)  and  STZ-diabetic  recipients  that  experienced  early  graft  loss  (n=6).  Dotted  lines 
reoresentthe  monkevs  with  recovered  beta  cell  function  (r\=2). 


Figure  2:  STZ  causes  chemical  destruction  of  beta  cells.  Pancreatic  insulin  immunostaining  of  a  non¬ 
diabetic  control  monkey  (A)  and  of  a  diabetic  monkey  one  year  after  streptozotocin  (B).  Magnification:  40x. 
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In  two  monkeys  (M4804  and  M5204),  a  gradual  recovery  of  basal  endogenous  C-peptide  occurred  over  time 
(Figure  1).  This  increase  occurs  after  a  period  of  islet  graft  function  evidenced  by  detectable  porcine  C-peptide 
levels,  but,  interestingly,  the  two  curves  of  endogenous/porcine  C-peptide  followed  an  opposite  trend  (Figure  3 
A,C).  It  appears  therefore  that  graft  failure  marks  a  switch  in  insulin  production  from  the  graft  to  the 
endogenous  pancreas.  Graft  failure  was  not  followed  by  a  return  to  severe  hyperglycemia  and  to  higher 
exogenous  insulin  requirements  (Figure  3  B,D).  In  addition,  IVGTT  showed  that  stimulated  endogenous  C- 
peptide  increased  with  time,  further  confirming  the  progressive  recovery  of  the  pancreatic  function  (Figure  4). 
In  contrast,  in  all  other  monkey  recipients  following  islet  graft  failure,  glycemia  and  insulin  requirements 
returned  to  pre-transplantation  levels  (data  not  shown).  Finally,  in  monkeys  with  a  long-term  graft  function  (3 
and  12  months),  recovery  of  endogenous  insulin  production  was  not  at  all  observed  (our  unpublished  data). 
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Figure  3:  Metabolic  profile  of  two  monkeys  recipient  of  islet  grafts  recovering  endogenous  C-peptide.  (A-C):  Graft 
(porcine)  and  endogenous  (primate)  C-peptide  levels.  (B-D):  Blood  glucose  and  exogenous  insulin  administration. 
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Figure  4:  Improved  endogenous  beta  cell  response  to  glucose  stimulation  overtime  in  monkey  M5204.  Blood  glucose 
levels  (A)  and  endogenous  C-peptide  (B)  during  IVGTT  at  day  45  and  day  59  following  transplantation. 


Proinsulin/glucagon  immunostaining 

The  pancreas  of  all  the  monkeys  was  analysed  for  the  presence  of  proinsulin  positive  cells.  Pre-existing  islets 
in  diabetic  monkeys  were  individuated  by  glucagon  immunostaining. 

The  two  monkeys  that  re-established  endogenous  C-peptide  production  showed  several  proinsulin  positive 
cells  grouped  in  small  aggregates  or  scattered  as  single  cells  throughout  the  pancreas  and/or  associated  to 
ducts.  They  were  not  part  of  previously  existing  islets  as  demonstrated  by  the  absence  of  neighbouring 
glucagon+  cells  (Figure  5).  The  frequency  of  proinsulin  positive  cell  clusters  with  area  equal  or  smaller  than  30 
pm2  (cell  clusters  not  included  in  the  preformed  islets  or  in  the  ducts)  in  the  monkeys  with  recovered 
endogenous  insulin  production  was  higher  than  in  STZ-diabetic  controls,  with  respectively  0.23  and  0.18% 
positive  area/whole  section  versus  0.05±0.0004  in  4  diabetics,  however  less  than  in  the  pancreas  of  3  non 
diabetic  monkeys  (0.30±0,01%). 

Proinsulin  positive  cells  also  co-stained  with  PDX-1.  Double  alpha  and  beta  phenotype  (glucagon+  and 
proinsulin+)  was  never  found  (Figure  5A)  in  any  of  the  groups  of  animals  analysed. 
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Figure  5:  Proinsulin  positive  cells  in  monkeys  with  recovered  endogenous  beta  cell  function.  Proinsulin  positive  cells  In  the 
pancreas  are  organized  in  small  aggregates  (A)  or  scattered  as  single  cells  (B)  outside  pre-existing  islets  characterized  by  glucagon 
positive  staining.  White  arrows:  proinsulin  positive  cells.  Yellow  arrows:  pre-existing  islets.  (C-F):  different  magnifications.  Pictures 
are  representative  of  both  monkeys  with  recovered  endogenous  beta  cell  function. 


Ductal  cells  co-stain  with  proinsulin  and  PDX-1  in  monkeys  with  recovered  function 

Anti-CK19  antibody  staining  was  used  to  identify  the  ductal/epithelial  cell  compartment  in  the  pancreatic  tissue. 
Interestingly,  a  subpopulation  of  CK19  cells  co-stained  with  proinsulin  in  the  parenchyma  (Figure  6A-D)  and  in 
the  ducts  (Figure  6  E-H)  only  in  the  two  monkeys  with  recovered  function.  The  pancreas  of  the  two  monkeys 
with  recovered  endogenous  beta  cell  function  showed  stronger  expression  of  CK19  cells  (supplemental  Figure 
2A)  in  comparison  to  non-diabetic  and  STZ-diabetic  controls 

Additionally,  as  shown  in  Figure  7,  the  monkeys  with  recovered  beta  cell  function  presented  double 
PDX-1+/  CK19+  and  PDX-1 +/proinsulin+  staining.  To  note,  PDX-1+  cells  are  found  in  STZ  diabetic  monkeys  but 
they  do  not  co-localize  with  CK19  (Figure  7B)  and  with  proinsulin  (data  not  shown). 
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Figure  6:  Presence  of  double  phenotype  CK1 9/proinsulin  in  monkeys  with  recovered  endogenous  beta  cell 
function.  (A,B,C,D):  Monkeys  with  recovered  endogenous  beta  cell  function  show  co-expression  of  CK19  with  proinsulin 
(vellowV  (E.F.G.hh:  Detail  of  a  oancreatic  duct. 
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Figure  7:  PDX-1  co-expresses  with  CK19  in  the  pancreas  of  monkeys  with  recovered  function.  CK19  and  PDX-1  do 
not  co-stain  in  the  pancreas  of  non-diabetic  healthy  monkeys  (A);  PDX-1  positive  cells  are  found  scattered  throughout  the 
pancreas  of  STZ  diabetic  monkeys,  but  do  not  co-localize  with  CK19  (B);  CK19  and  PDX-1  co-localization  shown  in  the 
pancreas  of  a  monkey  with  recovered  beta  cell  function  (C  with  detail  in  D).  E  and  F:  pancreatic  consecutive  sections  M5204 
(monkey  with  recovered  beta  cell  function)  showing  CK19+/PDX-1+  (E)  and  CK19+/proinsulin+  (F)  cells  respectively.  Arrows 
show  PDX-1 +  cells  in  B,  double  positive  PDX-1+/CK19+  in  C,  D  and  E  and  PDX-1 +/proinsulin+  in  F. 
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Proliferative  activity  in  the  pancreas:  Ki67  immunostaining 

Anti-Ki67  antibody  was  used  as  a  nuclear  marker  of  active  cell  proliferation. 

Positive  cells  were  observed  in  pancreatic  sections  of  the  monkeys  that  showed  return  of  endogenous  C- 
peptide  (Figure  8  A,D,E  and  F).  Ki67+  cells  co-stained  with  the  ductal  marker  CK19  and  with  fibroblasts  (Figure 
8  D,E),  but  not  with  proinsulin+  cells  (Figure  8  F).  Pancreatic  sections  of  non-diabetic  and  STZ-diabetic 
monkeys  contained  occasional  Ki67+ cells  (Figure  8  B,C). 
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Figure  8:  Proliferative  activity  in  the  pancreas.  Ki67  staining  is  increased  in  pancreas  of  STZ-diabetic  monkeys  with  recovered 
endogenous  beta  cell  function  (A)  in  comparison  to  STZ-diabetic  monkeys  (B)  and  non-diabetic  control  (C).  In  STZ-diabetic 
monkeys  with  recovered  endogenous  beta  cell  function  (D-F)  Ki67  co-stains  with  fibroblast  marker  (D)  and  CK19  (E)  but  not  with 
insulin  (F). 


Analysis  of  endocrine  markers  by  qRT-PCR 

The  expression  of  selected  islet-specific  nuclear  transcription  factors  was  also  analyzed  in  transplanted  and 
non  transplanted  monkeys  (34).  Gene  expression  in  the  two  monkeys  with  recovered  endogenous  beta  cell 
function  was  compared  to  non-diabetic  and  STZ-  diabetic  controls  (Figure  9  A-F).  qRT-PCR  of  NKX6.1,  Pax6, 
ISL1,  Foxa2,  Beta2NeuroD,  and  PDX-1  showed  mRNA  levels  mostly  of  the  same  order  of  magnitude  in  all 
monkeys,  with  only  sporadic  individual  variability.  When  the  expression  of  each  gene  was  normalized  against 
insulin,  in  the  regenerating  monkeys  such  factors  resulted  consistently  upregulated  (Figure  10).  Ngn3,  a 
master  gene  regulating  early  pancreatic  endocrine  lineage  commitment,  was  not  detected  in  any  of  the  tissues 
analyzed  (data  not  shown). 
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Figure  9:  qRT-PCR  analysis  of  endocrine  precursor  markers.  (A-E):  mRNA  expression  of  the  nuclear  transcription 
factors  PDX-1,  NKX6.1,  PAX6,  ISL1,  FOXA2,  Beta2NeuroD  in  STZ-diabetic  monkeys  (n=9),  monkeys  with  recovered 
endogenous  C-peptide  (n=2)  and  non-diabetic  controls  (n=4).  Copies  are  normalized  against  the  housekeeping  gene 
GAPDH.  Normalization  against  HPRT  showed  no  substantial  differences 
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Figure  10:  Normalization  of  the  nuclear  transcription  factors  against  insulin  in  the  two  monkeys  with  recovered 
beta  cell  function.  Expression  levels  relative  to  insulin  are  consistently  upregulated.  Values  represent  fold  increase  in 
relation  to  normal  non-diabetic  pancreatic  tissue  (average  of  n=4  monkeys). 
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KEY  RESEARCH  ACCOMPLISHMENTS 


•  Diabetes  induction  is  characterized  by  the  establishment  of  a  hyperglycemic  status  that,  in  non-human 
primates,  requires  exogenous  insulin  treatment  to  prevent  fatal  cheto-acidosis.  Streptozotocin  successfully 
induces  hyperglycemia  following  administration  in  rodents  as  well  as  in  non-human  primates.  Following 
streptozotocin  administration,  a  drastic  reduction  of  endogenous  circulating  C-peptide  is  observed,  and 
histologic  analysis  of  the  pancreas  shows  virtual  absence  of  insulin  positive  cells.  Even  in  those  monkeys 
where  low  but  detectable  C-peptide  levels  were  measured  after  streptozotocin,  histological  findings 
confirmed  the  destruction  of  insulin  positive  cells,  and  in  vivo  functional  studies  suggested  that  any  residual 
insulin  producing  mass  is  not  responsive.  We  consequently  observed  that  hyperglycemia  and  diabetes 
management  were  not  influenced  by  the  residual  C-peptide  amounts. 

•  In  the  absence  of  the  autoimmune  mechanisms  (no  evidence  of  autoimmunity  is  accrued  in  streptozotocin 
diabetic  monkeys),  our  experiments  suggest  that  diabetic  monkeys  --  that  receive  xenogeneic  islet  support 
with  sustained  detectable  biological  activity  for  sometime  --  may  recover  a  self-driven  endocrine  function. 
Such  function  is  evidenced  not  only  by  stepwise  increasing  levels  of  endogenous  C-peptide,  but  also  by 
amelioration  of  the  metabolic  control,  not  simply  explained  by  the  effect  of  the  graft.  No  report  of  a 
spontaneous  remission  of  the  hyperglycaemic  status  in  diabetic  monkeys  even  months  after  streptozotocin 
administration  was  found.  It  appears  therefore  that  in  non-human  primates,  similarly  to  rodents,  exogenous 
insulin  itself  does  not  trigger  a  healing  process  of  the  pancreatic  beta  cell  mass,  even  in  the  absence  of  a 
autoimmune  contest,  thus  after  chemically-induced  diabetes. 

•  In  our  experiments  no  direct  evidence  that  an  external,  donor  origin  cell  source  is  really  needed,  supporting 
the  concept  that  the  pancreatic  organ  can  potentially  heal  itself.  It  remains  scope  for  investigations  the 
metabolic  effect  of  the  islet  graft,  that  in  addition  to  providing  insulin,  essential  to  maintain  the  animal  alive, 
may  further  provide  additional  factors  able  to  affect/trigger  the  recovery  of  endocrine  function.  In  this 
contest,  the  xenotransplantation  model  offers  the  advantage  to  allow  discernment  between  graft  and 
endogenous  insulin  production.  In  two  monkey  recipients,  following  transplantation  and  graft  function  for  at 
least  two  months,  we  observed  an  increased  in  endogenous  C-peptide  levels.  Two  recipients  maintained 
graft  function  for  even  one  year  but  a  substantial  recovery  of  endogenous  C-peptide  didn’t  occurred. 

•  This  recovery  of  the  endogenous  insulin  production  was  associated  with  quite  peculiar  histological  features 
of  the  pancreatic  tissue.  We  found  a  generalized  augmented  proliferative  activity  in  the  pancreatic  tissue, 
spread  throughout  the  organ  and  associated  to  fibroblast  positive,  ductal  and  endothelial  phenotype,  but 
not  specifically  to  insulin  positive  cells.  We  also  observed  that  in  monkeys  that  exhibited  endogenous 
production  of  C-peptide,  pancreatic  ducts  were  hypertrophic.  Interestingly,  substantial  numbers  of  ductal 
cells  (CK19+)  showed  also  co-staining  with  proinsulin.  More  close  analysis  of  the  pancreas  in  the  monkey 
that  presented  double  CK1 9-proinsulin  phenotype,  indicated  the  presence  of  small  size  insulin  positive  cell 
aggregates.  Such  clusters  appeared  not  even  partially  damaged,  and  differed  morphologically  from  those 
that  clearly  showed  regressed  signs  of  injury,  commonly  associated  with  undamaged  alpha  cells  (glucagon 
positive  cells).  Moreover  proinsulin  positive  aggregates  were  often  found  not  in  correspondence  of 
glucagon  positive  cells  suggesting  that  they  were  not  part  of  pre-existing  islet  of  Langerhans. 

•  Since  such  effects  were  not  found  in  monkeys  that  did  not  receive  a  transplant,  monkeys  recipient  of  non 
functional  graft,  or  monkeys  with  long  lasting  graft,  but  certainly  present  in  monkeys  with  a  survival  time  of 
the  graft  of  roughly  two  months,  we  hypothesize  that  the  transplantation  may  play  a  role.  Whether  a 
functional  graft  is  exerting  an  effect  on  recover,  it  remains  unclear  but  in  this  line  there  are  reports  in  human 
clinical  islet  allografts  that  indicate  an  amelioration  of  the  metabolic  conditions,  often  accompanied  by 
increased  endogenous  C-peptide  production,  in  patients  that  received  a  transplant,  even  if  the  graft  was 
rejected  or  insufficient  to  establish  normoglycemia. 
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CONCLUSION 


Overall  our  data  suggest  that  the  monkey  pancreas  retains  the  ability  to  recover  even  after  a  chemical  damage 
that  specifically  destroys  the  islet  beta  cells  inducing  a  irreversible  status  of  hyperglycemia.  Such  ability  seems 
to  be  associated  with  activation  of  proliferative  events  in  the  pancreatic  organ,  and  hypertrophy  of  the  ductal 
cells.  Double  phenotype,  epithelial  and  endocrine  on  the  same  pancreatic  cells  further  indicate  that  a  direct 
relation  exists  between  these  two  cell  types.  Recovery  of  the  insulin  producing  function,  in  association  with  the 
histological  findings  may  provide  indirect  supportive  evidence  that  epithelial/ductal  cells  play  a  role  in  the 
generation  of  insulin  producing  beta  cells  The  metabolic  enhancement  achieved  by  even  partially  functioning 
islet  transplantations  compared  to  mere  exogenous  insulin  administration  may  contribute  to  promote  return  of 
endogenous  production  of  C-peptide  and  it  is  desirable  to  further  investigate  the  multiple  biological  events  that 
accompany  engraftment.  Further  studies  will  clarify  whether  the  reparative  events  involve  ex-novo  generation 
of  endocrine  tissue  from  pancreatic  precursor  cells,  or,  alternatively  it  involves  the  recovery  of  previously 
damaged  cells.  In  both  cases,  considering  that  monkeys  are  the  closest  animal  species  to  humans,  useful 
information  can  be  accrued  on  the  dynamic  properties  of  the  endocrine  pancreas  in  men. 
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Geng  X,  Li  L,  Bottino  R,  Balamurugan  AN,  Bertera  S,  Densmore 
E,  Su  A,  Chang  Y,  Trucco  M,  Drain  P.  Antidiabetic  sulfonylurea 
stimulates  insulin  secretion  independently  of  plasma  membrane  KAtp 
channels.  Am  J  Physiol  Endocrinol  Metab  293:  E293-E301,  2007.  First 
published  April  3,  2007;  doi:  10. 1152/ajpendo. 000 16. 2007. — Under¬ 
standing  mechanisms  by  which  glibenclamide  stimulates  insulin  re¬ 
lease  is  important,  particularly  given  recent  promising  treatment  by 
glibenclamide  of  permanent  neonatal  diabetic  subjects.  Antidiabetic 
sulfonylureas  are  thought  to  stimulate  insulin  secretion  solely  by 
inhibiting  their  high-affinity  ATP-sensitive  potassium  (KAtp)  channel 
receptors  at  the  plasma  membrane  of  (3-cells.  This  normally  occurs 
during  glucose  stimulation,  where  ATP  inhibition  of  plasmalemmal 
KATp  channels  leads  to  voltage  activation  of  L-type  calcium  channels 
for  rapidly  switching  on  and  off  calcium  influx,  governing  the  dura¬ 
tion  of  insulin  secretion.  However,  growing  evidence  indicates  that 
sulfonylureas,  including  glibenclamide,  have  additional  KATp  channel 
receptors  within  (3-cells  at  insulin  granules.  We  tested  nonpermeabi- 
lized  (3-cells  in  mouse  islets  for  glibenclamide- stimulated  insulin 
secretion  mediated  by  granule-localized  KATp  channels  by  using 
conditions  that  bypass  glibenclamide  action  on  plasmalemmal  KATp 
channels.  High-potassium  stimulation  evoked  a  sustained  rise  in 
(3-cell  calcium  level  but  a  transient  rise  in  insulin  secretion.  With 
continued  high-potassium  depolarization,  addition  of  glibenclamide 
dramatically  enhanced  insulin  secretion  without  affecting  calcium. 
These  findings  support  the  hypothesis  that  glibenclamide,  or  an 
increased  ATP/ADP  ratio,  stimulates  insulin  secretion  in  part  by 
binding  at  granule-localized  KATp  channels  that  functionally  contrib¬ 
ute  to  sustained  second-phase  insulin  secretion. 

(3-cells;  glibenclamide;  permanent  neonatal  diabetes;  exocytosis; 
endocytosis;  adenosine  5 '-triphosphate- sensitive  potassium  channels 


to  understand  the  mechanisms  underlying  insulin  secretion  by 
glibenclamide,  its  functional  sites  of  action  in  the  (3-cell  of  the 
endocrine  pancreas  must  be  identified.  The  plasmalemmal 
ATP-sensitive  potassium  (KAtp)  channel  site  for  gliben¬ 
clamide- stimulated  insulin  release  is  well  studied  (3).  In  glu¬ 
cose-stimulated  insulin  secretion  (GSIS),  the  plasmalemmal 
KAtp  channel  transduces  the  signal  of  elevated  glucose  metab¬ 
olism  into  calcium  influx  across  the  plasmalemma.  The  cal¬ 
cium  then  completes  the  final  exocytic  step  by  fusing  previ¬ 
ously  primed  insulin  granules  to  the  plasmalemma,  experimen¬ 
tally  observed  as  a  transient  first-phase  insulin  release  (36). 
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Generally,  KAtp  channels  couple  glucose  metabolism  and 
membrane  electrical  signaling  (1,  2,  10,  16,  27).  KATp  channels 
are  ideal  receptors  for  ligands  signaling  changes  in  glucose 
metabolism,  because  they  are  designed  as  sensors  of  adenine 
nucleotide  levels.  ATP  binding  to  the  Kir6.2  subunit 
of  the  KATp  channel  inhibits  the  potassium  efflux  that  other¬ 
wise  maintains  the  electrically  negative  resting  state  of  the  cell. 
ADP  binding  to  the  sulfonylurea  receptor  1  (SUR1)  subunit  of 
the  KATp  channel  can  antagonize  the  inhibition  gating  and 
restore  the  resting  state.  Thus  the  inhibition  gating  by  ATP  and 
its  antagonism  by  ADP  allow  glucose  metabolism  to  tightly 
regulate  the  (3-cell  plasmalemmal  potential,  allowing  L-type 
calcium  channels  and  calcium  influx  to  be  rapidly  switched  on 
or  off.  This  calcium-controlled  signaling  pathway  initiating 
GSIS  is  the  (3-cell’s  initial  but  transient  response  to  curb  rises 
in  blood  glucose  levels. 

A  prolonged  duration  of  high  blood  glucose  levels,  however, 
requires  sustained  insulin  secretion.  Experimentally,  this  sus¬ 
tained  regulatory  phase  is  observed  as  second-phase  insulin 
release  (36).  Relatively  little  is  known  about  the  mechanisms 
coupling  rates  of  high  glucose  metabolism  to  the  second  phase, 
even  though  the  second  phase  is  disrupted  in  most  forms  of 
diabetes.  What  is  known  is  that  calcium  plays  different  roles  in 
second-phase  than  it  does  in  first-phase  insulin  secretion  (36, 
19,  40).  In  response  to  glucose  stimulation,  first-phase  release 
is  initiated  by  a  rise  in  calcium  level  but  is  terminated  by  rapid 
depletion  of  a  limited  supply  of  calcium-releasable  secretory 
granules  at  the  plasmalemma.  Importantly,  the  calcium  level 
remains  elevated,  and  after  a  characteristic  delay,  a  second 
signal  from  high  glucose  metabolism  stimulates  the  resupply  of 
the  calcium-releasable  secretory  granule  pool  at  the  plasma¬ 
lemma.  As  for  the  first  phase,  ATP  and  ADP  are  candidate 
signals  coupling  high  glucose  metabolism  and  second-phase 
secretion  (11,  14,  20,  38),  but  their  receptor  proteins  in  the 
(3-cell  are  unknown. 

Plasmalemmal  KATp  channels  are  unlikely  candidate  recep¬ 
tors  by  which  glucose  stimulates  second  phase.  If  another 
signaling  pathway  is  used  to  elevate  intracellular  calcium  level, 
for  example,  raising  extracellular  KC1  from  4.8  to  30  mM,  then 
second-phase  insulin  secretion  becomes  plasmalemmal  KATp 
channel  independent  (19,  20,  40).  Under  these  conditions,  high 
glucose  stimulates  further  increases  in  insulin  release  without 
further  increasing  intracellular  calcium  level  (36).  These  stud- 
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ies  raise  the  question  of  whether  additional  KAtp  channels 
other  than  plasmalemmal  KAtp  channels  couple  glucose  me¬ 
tabolism  to  the  resupply  of  calcium-releasable  secretory  gran¬ 
ules  for  sustained  second-phase  release. 

Glibenclamide  also  appears  to  have  binding  sites  within  the 
p-cell,  in  addition  to  its  plasmalemmal  KATp  channel  sites. 
Glibenclamide  is  distinguished  from  other  antidiabetic  sulfo- 
nylureas,  not  only  by  its  superior  secretagogue  potency  but  also 
by  its  exceptional  ability  to  be  internalized  within  (3-cells  (23, 
25,  26).  Furthermore,  glibenclamide  has  been  shown  to  local¬ 
ize  to  high-affinity  sites  of  the  insulin  secretory  granule  mem¬ 
brane  (7,  34),  which  recently  have  been  identified  as  KATp 
channel  subunits  (21,  47,  50).  Of  functional  relevance,  SUR1 
knockout  mice,  which  have  no  KAtp  channels,  exhibit  chron¬ 
ically  elevated  (3-cell  calcium  level  yet  no  detectable  second- 
phase  insulin  release  by  high  glucose,  unless  cholinergic  mod¬ 
ulatory  pathways  are  stimulated  (15,  44).  These  findings  pre¬ 
dict  a  second  KATp  channel-dependent  pathway,  beyond 
calcium  influx  and  at  insulin  secretory  granules,  that  resupplies 
the  calcium-releasable  granule  pool.  Otherwise,  the  high-glu¬ 
cose  stimulation,  in  the  permissive  high  (3-cell  calcium,  would 
stimulate  insulin  release. 

In  this  study,  we  determined  whether  glibenclamide,  which 
mimics  ATP  inhibition  of  KATp  channels,  has  an  effect  on 
insulin  secretion  independent  of  plasmalemmal  KATp  channels. 
To  bypass  the  signaling  pathway  involving  the  plasmalemmal 
KATp  channel,  we  applied  high-potassium  depolarization  of  the 
(3 -cell  plasmalemma,  which  activates  the  L-type  channels,  and 
monitored  (3-cell  calcium  level  using  either  rhod-2  (12)  or 
GCamP2  fluorescent  indicators  (46).  Insulin  release  was  as¬ 
sayed  by  both  dynamic  perifusion  and  live-cell  imaging  of 
fluorescently  labeled  insulin.  The  results  show  that  in  the 
presence  of  high-potassium  depolarization,  glibenclamide 
stimulates  a  sustained  insulin  secretion  without  further  increas¬ 
ing  calcium  levels. 

MATERIALS  AND  METHODS 

Islet  preparation  and  culture.  Murine  islets  were  isolated  from 
male  B ALB/c  mice  (20-25  g;  Taconic,  Germantown,  NY).  Islets  were 
isolated  by  intraductal  collagenase  injection,  as  previously  described 
(6),  and  cultured  in  RPMI  1640  medium  supplemented  with  10% 
heat-inactivated  fetal  calf  serum,  7.5  mM  glucose,  100  pg/ml  strep¬ 
tomycin,  100  U/ml  penicillin,  and  2  mM  L-glutamine  (Life  Technol¬ 
ogies,  Grand  Island,  NY)  in  a  humidified  5%  C02  incubator  at  37°C. 

Islet  dynamic  perifusion  and  ELISA  assay.  Groups  of  75-100 
isolated  hand-picked  and  size-matched  islets  (diameter  100-125  pm) 
were  used  for  each  perifusion  experiment,  as  previously  reported  (6). 
The  islets  were  washed  in  Krebs-Ringer  bicarbonate  buffer  (KRBB), 
pH  7.35,  containing  20  mM  HEPES,  0.1%  bovine  serum  albumin 
(BSA),  7.5  mM  glucose,  and  4.8  mM  KC1,  except  where  indicated 
otherwise.  Low  glucose  was  set  at  7.5  mM  because  it  gave  more 
sustained  stimulated  insulin  release  rates  with  glibenclamide  stimula¬ 
tion  compared  with  5.6  mM  glucose.  After  a  45-min  equilibration 
with  KRBB  containing  7.5  mM  glucose,  elution  fractions  were  col¬ 
lected  for  basal  secretion.  KRBB  buffer  containing  7.5  mM  glucose 
and  30  mM  KC1  was  then  used  to  perifuse  the  islets,  during  which 
time  elution  fractions  were  collected  for  high  potassium- stimulated 
first-phase  secretion.  Finally,  islets  were  perifused  with  the  following: 
KRBB  with  7.5  mM  glucose  and  30  mM  KC1  (mock  addition  negative 
control);  KRBB  with  20  mM  glucose,  KRBB  with  7.5  mM  glucose, 
30  mM  KC1,  and  4  pM  glibenclamide  (glibenclamide  experiment);  or 
20  mM  glucose  (high-glucose  positive  control),  during  which  time 
elution  fractions  were  collected  and  stimulated  and  control  second- 


phase  secretion  determined.  High  extracellular  potassium  first- 
phase  secretory  responses  were  comparable  with  and  without 
diazoxide  (n  =  9;  unpublished  results),  consistent  with  the  highly 
effective  depolarization  of  the  (3-cell  plasmalemma  by  high  potas¬ 
sium.  Since  diazoxide  is  known  to  have  deleterious  alterations  in 
mitochondrial  respiration  (24,  37,  41)  quite  apart  from  the  KATp 
channel,  diazoxide  was  omitted.  Insulin  concentration  of  the  elution 
samples  was  measured  using  ELISA  (ALPCO,  Windham,  NH)  with 
rat  insulin  as  standard.  At  the  end  of  the  experiment,  insulin  was 
extracted  from  the  islets  and  quantified  to  determine  the  insulin 
content  remaining  in  the  islets  as  well  as  the  insulin  in  the  secretory 
fractions.  The  average  maximal  insulin  secretory  rate  was  125 
pg- min-1 -islet-1  or  0.25%/min  of  total  islet  insulin.  The  insulin 
secretory  rates  are  given  as  fractions  of  the  maximal  rate  observed  in 
each  experiment,  to  emphasize  comparison  of  the  time  courses  across 
experiments. 

Effective  glibenclamide  dose.  BSA  was  used  at  0.1%,  where  it 
blocks  nonspecific  binding  sites  for  insulin.  BSA,  however,  also  is 
well  known  to  bind  glibenclamide  (25,  26).  Therefore,  for  perifusion, 
we  titrated  glibenclamide  to  the  minimum  final  total  concentration  in 
the  superfusate  (4  pM)  that  rapidly  achieved  secretory  response  rate 
amplitudes  that  were  comparable  to  those  achieved  by  20  mM  glu¬ 
cose.  The  actual  glibenclamide  within  the  (3-cells  in  these  transient 
experiments  is  therefore  far  less  than  4  pM,  due  to  binding  to  the  BSA 
present,  slow  partitioning  from  peripheral  to  interior  (3-cells  of  the 
islet,  and  slow  partitioning  into  the  (3-cell  cytosol.  For  the  confocal 
experiments,  we  obviated  these  problems  by  not  using  BSA  and 
studying  cells  on  the  islet  surface.  Under  these  conditions,  400  nM 
glibenclamide  maximally  stimulated  release,  which  better  estimates 
the  effective  glibenclamide  dose. 

No  calcium  control  perifusions.  Extracellular  calcium  was  removed 
by  adding  no  calcium  and  buffering  residual  calcium  with  1  mM 
EGTA  in  the  KRBB,  used  during  preincubation  periods  of  45  min  and 
continued  during  the  application  of  glibenclamide  or  high-potassium 
stimuli  in  the  indicated  experiments.  Free  extracellular  calcium  level 
was  restored  by  the  addition  of  3.5  mM  CaCl2. 

Confocal  monitored  release  of  Ins-C-GFP -labeled  insulin  secre¬ 
tory  granules.  Islets  were  infected  with  Ins-C-GFP,  a  live-cell  fluo¬ 
rescent  reporter  of  insulin  granules,  and,  within  2  days,  assayed  in 
KRBB  at  37°C  as  described  previously  (48).  Solution  changes  were 
performed  by  superfusion  using  the  BioLogic  RSC-160  sewer  pipe 
solution  changer,  pressurized  by  its  associated  BioLogic  MS -4  four- 
syringe  module  (Molecular  Kinetics,  Pullman,  WA).  Glucose  concen¬ 
tration  was  stepped  from  7.5  to  20  mM,  or  glibenclamide  was  stepped 
from  0  to  400  nM  in  KRBB  at  37°C  with  glucose  maintained  at  7.5 
mM.  Confocal  microscopy  was  performed  using  an  Olympus  Fluo- 
view  300  confocal  laser  scanning  head  with  an  Olympus  1X70 
inverted  microscope  (Melville,  NY)  as  described  previously  (21,  48). 
Excitation  of  green  fluorescent  protein  (GFP)  was  done  using  the 
488-nm  argon  laser  line  at  —2%  maximum  power.  Emission  was 
detected  using  a  510IF  long-pass  and  BA530RIF  short-pass  filter.  All 
images  were  obtained  by  using  a  Plan  Apo  X60  oil,  NA  1.4,  objective 
lens.  Images  were  recorded  from  the  bottom  plasma  membrane  of  a 
(3 -cell  in  an  intact  islet.  Cytoplasmic  regions  were  monitored  using 
MetaMorph  v6.1  analysis  software  from  Universal  Imaging  (Down- 
ingtown,  PA).  Time  course  decay  analyses  were  performed  uisng 
IGOR  Pro  v5.05A  (WaveMetrics,  Lake  Oswego,  OR). 

Calcium  level  monitoring  by  rhod-2  and  by  GCamP2.  Membrane- 
permeant  rhod-2  AM  (2.5  pM;  Ref.  12)  was  superfused  onto  islets  at 
37°C  typically  for  5  min  or  less,  while  Ins-C-GFP  was  initially  imaged 
to  identify  peripherally  located  (3-cells  by  their  green  fluorescent 
insulin  granules.  The  (3-cells  were  then  monitored  with  the  543-nm 
excitation  laser  at  <5%  power  until  sufficient  basal  intracellular  red 
rhod-2  fluorescence  was  clearly  detectable,  and  then  all  extracellular 
rhod-2  AM  was  washed  out  by  superfusion  and  the  experiment 
initiated.  In  a  minority  of  (3-cells,  significant  nonuniform  mitochon¬ 
drial  staining  was  detected,  and  these  cells  were  not  monitored.  Three 
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~0.5-|jim-thick  cytoplasmic  sections  just  below,  at  midplane  of,  and 
just  above  the  nucleus  in  each  of  the  p-cells  were  imaged  every  30  s 
using  a  BA610IF  long-pass  filter.  Immediately  after  the  5-min  time 
point,  KC1  was  stepped  from  4.8  to  30  mM  by  switching  superfusion 
buffers,  resulting  in  a  dramatic  increase  in  red  rhod-2  fluorescence  that 
rapidly  reached  a  plateau  value  that  was  maintained  for  the  remainder 
of  the  recording  period.  Immediately  after  the  12-min  time  point, 
glibenclamide  was  stepped  from  0  to  4  pM  by  switching  superfusion 
buffers,  with  no  change  in  fluorescence  intensity.  Calcium  fluores¬ 
cence  intensity  was  determined  using  MetaMorph  (Universal  Imag¬ 
ing)  and  then  averaged  for  each  of  the  three  optical  sections  of  a  given 
time  point  and  normalized  to  the  maximum  average  intensity  for  each 
(3-cell  studied.  Intracellular  calcium  level  was  also  monitored  using 
GCamP2  (46),  expressed  in  (3-cells  from  an  adenovirus-associated 
virus,  AAV6-GCamP2,  using  methods  similar  to  those  described 
above.  After  the  GCamP2  fluorescence  time  course  F(?)  was  measured 
in  the  experiments,  the  islets  were  treated  with  ionomycin  in  2.5  mM 
CaCl2  in  KRBB,  and  Fmax  was  measured.  Next,  10  mM  EGTA  in 
KRBB  with  no  calcium  was  added,  and  Fmin  was  measured.  Intracel¬ 
lular  calcium  concentration  ([Ca2+]0  was  then  determined  using  the 
equation  [Ca2+]i  =  Kd,c a  X  [F(t)  -  Fmi„]/[Fmax  -  F(t)],  where  /sTd,ca 
is  290  nM  (46). 

Statistical  tests  and  data  display.  Pairwise  statistical  comparison  of 
the  perifusion  time  courses  were  performed  using  the  parametric 
unpaired  Ltest  and  the  nonparametric  Kolmogorov-Smirnov  test  (9) 
with  highly  similar  significance  results  in  each  experiment  reported. 
For  simplicity,  only  the  results  of  the  more  popular  Utest  are  shown. 
Mean  (±SE)  and  box-plot  time  courses  were  constructed  using  IGOR 
Pro  (v5.05A)  and  displayed  using  Adobe  Illustrator  (vl  1.0.0;  Adobe 
Systems,  San  Jose,  CA). 

RESULTS 

Glibenclamide  in  7.5  mM  glucose  stimulates  insulin  release 
following  maintained  KCl  stimulation.  Figure  1  shows  the 
results  of  experiments  where  live  intact  mouse  islets  were 
perifused  in  7.5  mM  glucose.  The  islets  responded  to  a  high- 
potassium  stimulus  with  a  transient  first-phase  insulin  release, 
which  then  decayed  toward  basal  levels.  As  the  first  secretory 
response  subsided,  the  mouse  islets  were  stimulated  with  either 
4  pM  glibenclamide  or  mock  (no  addition)  control.  The  islets 
responded  to  4  pM  glibenclamide  with  a  second-phase  insulin 
release  (n  =  6  islet  preparations)  but  not  to  the  mock  addition 
control  (n  =  6).  The  peak  amplitudes  of  the  first  phase  of  the 
secretory  response  to  the  high-potassium  depolarization  and 
insulin  islet  content  were  within  30%  of  one  another  in  all  12 
perifusions.  The  rapid  transient  first-phase  insulin  secretory 
response  to  the  high-potassium  stimulus  likely  results  from  a 
rise  in  (3 -cell  calcium  level. 

High-potassium  depolarization  but  not  subsequent  gliben¬ 
clamide  stimulates  a  rapid  and  sustained  rise  in  fi-cell  calcium 
level.  Figure  2  shows  the  results  of  eight  control  experiments 
showing  that  the  rhod-2  does  not  saturate  in  response  to 
stepping  extracellular  potassium  from  4.8  to  30  mM  and  then 
from  30  to  100  mM.  In  each  of  the  experiments,  rhod-2 
fluorescence  increased  not  only  in  response  to  the  step  from  4.8 
to  30  mM  but  again  in  response  to  the  step  from  30  to  100  mM. 
This  is  consistent  with  the  K&  for  calcium  of  rhod-2  (500-700 
nM;  Ref.  25)  and  that  stimulated  (3-cell  intracellular  calcium 
generally  transits  to  within  twofold  on  either  side  of  these 
values.  With  one-to-one  binding  stoichiometry  of  calcium  and 
rhod-2,  0.90  saturation  would  occur  at  ~5  pM,  an  order  of 
magnitude  above  the  peak  (3-cell  calcium  level. 


Fig.  1,  Glibenclamide  stimulation  of  insulin  secretion  beyond  that  elicited  by 
high-K+  depolarization.  A:  time  course  of  fractional  peak  insulin  secretory  rate 
of  mouse  islets  (R/Rmax)  in  Krebs-Ringer  bicarbonate  buffer  (KRBB)  in  7.5 
mM  glucose  with  the  stimuli  indicated.  First  stimulus  was  30  mM  K+ 
depolarization  to  all  perifusions  beginning  at  5  min  and  continued  through  the 
remainder  of  the  perifusions.  Second  stimulus  was  4  |jlM  glibenclamide  (solid 
line;  n  =  6)  or  mock  addition  negative  control  (dashed  line;  n  =  6)  and 
continued  through  the  remainder  of  the  perifusions  with  the  30  mM  K+ 
depolarization.  B :  relative  effect  of  glibenclamide  compared  with  mock  addi¬ 
tion  control  (RGiib/Rcontroi).  In  all  experiments,  a  baseline  secretory  rate  was 
measured  for  each  perifusion  from  0  to  5  min.  The  secretory  rate  in  response 
to  increasing  KCl  from  4.8  to  30  mM  KCl  was  then  measured  for  each 
perifusion  from  6  to  12  min.  The  secretory  rate  in  response  to  a  4  pM 
glibenclamide  stimulus  or  mock  addition  control  stimulus,  in  the  continued 
presence  of  the  high-K+  depolarization,  was  then  measured  from  13  to  35  min. 
ELISA  was  used  to  determine  the  insulin  content  in  the  fractions  of  the 
collected  secretion  medium  at  the  time  points  indicated,  and  results  are  the 
fraction  of  the  maximal  secretory  rate  obtained  within  each  perifusion,  for  easy 
comparison  of  time  courses.  Statistical  comparison  of  the  glibenclamide  vs. 
mock  control  perifusions  showed  no  significant  difference  (P  >  0.1)  during  the 
basal  or  30  mM  KCl  stimulus  periods.  The  insulin  secretory  rate  after  the 
glibenclamide  stimulus,  however,  was  significantly  increased  (*P  <  0.05) 
compared  with  the  mock  addition  controls  at  the  time  points  indicated. 

In  nine  experiments,  we  then  monitored  (3 -cell  calcium 
responses  of  rhod-2  to  the  same  high-potassium  first  stimulus, 
followed  by  the  second  glibenclamide  stimulus  used  in  the 
insulin  secretory  assays.  (3 -Cell  calcium  level  rapidly  rose 
immediately  after  the  high-potassium  stimulus  but  was  not 
further  changed  by  the  subsequent  glibenclamide  stimulus.  The 
results  indicate  that  the  initial  high-potassium  and  subsequent 
glibenclamide  stimulation  are  distinguished  not  only  by  tran¬ 
sient  vs.  sustained  insulin  secretion  but  also  by  rapidly  rising 
vs.  unchanging  (3 -cell  calcium  levels. 

To  corroborate  that  the  high  potassium  was  maintaining  a 
constant  (3-cell  calcium  level,  we  independently  monitored 
(3-cell  calcium  responses  of  the  fluorescent  protein  GCamP2 
(46)  to  the  same  high-potassium  and  glibenclamide  stimulus 
protocol.  GCamP2  is  a  genetically  encoded  calcium  sensor 
directed  exclusively  to  the  (3 -cell  cytosol.  In  the  five  experi¬ 
ments  performed,  the  (3-cell  calcium  level  sharply  rose  in 
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response  to  the  first  high-potassium  depolarization.  In  the 
presence  of  sustained  high  potassium,  subsequent  gliben- 
clamide  stimulation  did  not  alter  the  elevated  (3-cell  calcium 
level.  Thus,  by  two  distinct  measures  under  the  same  high- 
potassium  conditions,  glibenclamide  stimulated  insulin  secre¬ 
tion  without  further  raising  (3 -cell  calcium  levels  clamped  by 
30  mM  potassium  depolarization. 

Glibenclamide-stimulated  insulin  release  in  7.5  mM  glucose 
mimics  20  mM  glucose-stimulated  insulin  release  following 
maintained  high-K+  stimulation.  Figure  3  shows  results  with 
20  mM  glucose  used  as  second  stimulus  instead  of  gliben¬ 
clamide.  The  high-potassium  depolarization  stimulated  a  tran¬ 
sient  first  phase  of  insulin  release,  as  before,  and  the  second  20- 
mM  glucose  stimulus  evoked  a  second-phase  insulin  secretory 
response  (n  =  4  islet  preparations)  that  was  similar  in  time 
course  and  amplitude  to  that  obtained  with  glibenclamide. 

The  results  so  far  suggest  a  model  in  which  the  gliben¬ 
clamide  stimulus  and  increased  ATP  from  the  high-glucose 
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stimulus  might  each  be  acting  through  the  same  mechanism, 
binding  to  their  granule  KAtp  channel  receptors.  This  interpre¬ 
tation  is  consistent  with  the  observation  that  each  stimulus 
applied  alone  results  in  secretory  rates  of  similar  amplitude  and 
time  course.  However,  an  alternative  model  is  that  each  stim¬ 
ulus  acts  through  nonoverlapping  mechanisms  that  coinciden¬ 
tally  give  rise  to  the  similar  secretory  responses  observed. 
These  two  models  can  be  distinguished  by  experiments  iden¬ 
tical  to  those  previously  performed  except  with  simultaneous 
application  of  glibenclamide  and  high  glucose.  As  controls, 
experiments  were  performed  in  parallel  in  which  each  stimulus 
was  applied  alone.  If  the  same  mechanism  is  involved,  the 
secretory  response  rates  should  be  nonadditive.  If  separate 
mechanisms  are  brought  into  play,  then  the  rates  with  both 
stimuli  applied  should  be  up  to  twice  the  rates  with  either 
stimulus  applied  alone.  Figure  4  shows  that  the  insulin  secre¬ 
tory  rates  in  response  to  simultaneous  application  of  the  glib¬ 
enclamide  and  20  mM  glucose  are  nonadditive.  In  all  pairwise 
comparisons  (glibenclamide  and  glucose  vs.  glibenclamide, 
glibenclamide  and  glucose  vs.  glucose,  and  glibenclamide  vs. 
glucose),  there  was  no  significant  difference  in  insulin  secre¬ 
tory  response  (P  >  0.1;  n  =  3). 

Glibenclamide-stimulated  insulin  release  following  sus¬ 
tained  KCl  stimulation  by  confocal  monitoring  of  Ins-C-GFP 
expressed  in  mouse  islets.  The  perifusion  experiments  provide 
an  excellent  population  sample  of  the  average  behavior  of 
(3-cells  but  fail  to  provide  single-cell  information.  From  the 
perifusion  assays  alone,  we  cannot  know  whether  (3-cell  re- 


Fig.  2.  (3-Cell  Ca2+  responses  to  high  KCl  monitored  by  the  fluorescent 
indicator  rhod-2.  Three  (3-cells  from  each  of  3  separate  mouse  islets  were 
loaded  with  the  fluorescent  Ca2+  indicator  rhod-2  AM  until  a  basal  fluores¬ 
cence  was  easily  detectable  at  <5%  laser  excitation,  and  then  cells  were 
washed  ( n  =  9).  A  minority  of  cells  in  each  experiment  showed  nonuniform, 
more  intense  rhod-2  fluorescence  in  mitochondria  and  were  excluded  from 
analysis.  A:  8  control  experiments  were  done  under  conditions  similar  to  those 
described  below  except  that  the  initial  high-K+  depolarization  by  raising  the 
extracellular  [K+]  to  30  mM  was  then  followed  by  further  depolarization  by 
raising  the  extracellular  [K+]  to  100  mM.  Within  each  experiment,  fluores¬ 
cence  intensity  was  normalized  to  the  minimal  intensity  (AF/Fmin),  which  was 
the  initial  baseline  intensity  observed  when  the  extracellular  [K+]  was  4.8  mM. 
Upon  the  30  mM  K+  depolarization,  rhod-2  fluorescence  increased  ~  1.2-fold, 
and  upon  subsequent  100  mM  K+  depolarization,  rhod-2  fluorescence  in¬ 
creased  an  additional  1.1 -fold.  Individual  experiments  are  marked  by  different 
symbols  to  emphasize  that  in  each  experiment,  the  initial  30  mM  and  subse¬ 
quent  100  mM  K+  stimuli  each  incremented  the  rhod-2  fluorescence.  The 
increases  in  (3-cell  rhod-2  fluorescence  in  response  to  raising  extracellular  [K+] 
demonstrate  that  the  Ca2+  indicator  fluorescence  was  not  saturated  by  the  30 
mM  K+  depolarization  and  that  further  increases  in  intracellular  Ca2+  level 
([Ca2+]0,  were  they  to  occur,  could  be  easily  detected  in  these  experiments.  B : 
(3-cell  calcium  rose  rapidly  in  response  to  the  initial  30  mM  K+  depolarization 
but  was  not  markedly  altered  by  subsequent  glibenclamide  stimulus.  The 
results  show  single-cell  fluorescence  changes  for  all  9  cells  studied  with  time 
points  (t)  taken  every  minute.  After  the  5-min  time  point,  30  mM  K+ 
depolarization  was  applied  and  continued  throughout  the  remainder  of  each 
experiment.  After  the  12-min  time  point,  4  pM  glibenclamide  was  applied  and 
continued  throughout  the  remainder  of  each  experiment.  Data  in  the  Ca2+ 
experiments  are  summarized  by  a  box  plot  in  which  the  shaded  box  indicates 
the  25th  to  75th  percentile  range  of  data,  the  horizontal  bar  within  each  box  is 
the  median,  and  the  capped  whiskers  indicate  the  0  to  100th  percentile  range 
of  data.  The  results  show  single-cell  fluorescence  changes  for  all  9  cells  in  3 
islet  preparations.  Insert  shows  a  single  cell  response.  C:  (3-cell  cytosolic 
[Ca2+]i  changes  measured  by  GCamP2.  Similar  [Ca2+k  responses  are  shown 
to  the  initial  30  mM  KCl  stimulation  and  lack  of  response  to  the  subsequent 
glibenclamide  stimulation.  The  results  are  from  all  6  cells  studied  from  3  islet 
preparations. 


AJP -Endocrinol  Metab  •  VOL  293  •  JULY  2007  •  www.ajpendo.org 


Downloaded  from  ajpendo.physiology.org  on  September  13,  2007 


TWO  Katp  CHANNEL  PATHWAYS  REGULATING  INSULIN  SECRETION 


E297 


A 


High  K+  Depolarization 


Fig.  3.  Glibenclamide  stimulation  of  insulin  secretion  mimics  that  of  high 
glucose  following  high-K+  depolarization.  A:  time  course  of  fractional  peak 
insulin  secretory  rate  of  mouse  islets  in  KRBB  in  7.5  mM  glucose  with  the 
stimuli  indicated.  First  stimulus  was  30  mM  K+  depolarization  to  all  perifu- 
sions  beginning  at  5  min  and  continued  through  the  remainder  of  the  perifu- 
sions.  Second  stimulus  was  4  |jlM  glibenclamide  (solid  line;  n  =  6;  from  Fig. 
1)  or  20  mM  glucose  positive  control  (dashed  line;  n  =  4)  and  continued 
through  the  remainder  of  the  perifusions  along  with  the  30  mM  potassium 
depolarization.  B :  relative  effect  of  glibenclamide,  compared  with  the  20  mM 
glucose  positive  control  (RGiib/Rm  giuc).  As  in  Fig.  1,  baseline  secretory  rate 
was  measured  for  each  perifusion  from  0  to  5  min.  The  secretory  rate  in 
response  to  increasing  KC1  from  4.8  to  30  mM  KC1  was  then  measured  for 
each  perifusion  from  6  to  12  min.  The  30  mM  KC1  was  continued  in  each 
perifusion  throughout  the  remainder  of  the  perifusions.  The  secretory  rate  in 
response  to  a  second  4  |jlM  glibenclamide  stimulus  or  a  second  20  mM  glucose 
stimulus  was  then  measured  from  13  to  35  min,  as  indicated.  ELISA  was  used 
to  determine  the  insulin  content  in  the  fractions  of  the  collected  secretion 
medium,  and  results  are  the  fraction  of  the  maximal  secretory  rate  obtained 
within  each  perifusion,  for  easy  comparison  of  time  courses.  Statistical  com¬ 
parison  of  the  glibenclamide  vs.  20  mM  glucose  positive  control  perifusions 
showed  no  significant  difference  (P  >  0.1)  during  any  of  the  basal  or  stimulus 
periods. 


sponses  to  the  glibenclamide  following  high-potassium  stimu¬ 
lation  occur  heterogeneously  or  homogeneously  within  a  single 
islet.  For  example,  most  (3-cells  might  be  refractory  to  the 
second  glibenclamide  stimulus,  whereas  a  few  (3 -cells  might 
suddenly  and  completely  degranulate.  Alternatively,  most 
(3 -cells  might  be  incrementally  responding  to  the  glibenclamide 
stimulation,  wherein  each  (3 -cell  releases  a  minority  fraction  of 
its  insulin  secretory  granules.  In  eight  experiments,  we  there¬ 
fore  studied  individual  (3 -cell  responses  to  glibenclamide  after 
high-potassium  depolarization  by  using  the  live-cell  fluores¬ 
cent  reporter  of  insulin  granules  (Ins-C-GFP)  and  confocal 
microscopy  (21,  48). 

(3-Cells  expressing  Ins-C-GFP  were  superfused  with  low- 
potassium  control  (4.8  mM),  high  potassium  (30  mM),  or  high 
potassium  (30  mM)  and  glibenclamide  (400  nM).  First,  in 
control  experiments,  we  maintained  the  low-potassium  KRBB 
secretion  buffer  throughout  a  series  of  experiments,  taking  50 


images  (every  20  s  for  1,000  s)  from  the  0.5-fxm  optical  section 
( n  =  5).  Figure  5  shows  that  over  the  entire  time  course  of  the 
low-potassium  experiments,  the  fluorescence  decay  in  single 
(3-cells  was  —0.05  that  of  the  initial  value.  This  is  a  measure  of 
secretagogue-independent  fluorescence  decay  (bleaching), 
which  occurs  initially  with  this  fluorophore  (43)  and  is  minimal 
because  of  the  high  signal-to-noise  property  of  the  Ins-C- 
emGFP  reporter  and  consequent  low  excitation  intensity  used. 
Second,  we  switched  from  low  potassium  after  five  images,  to 
high  potassium  for  the  remaining  45  images  ( n  =  5).  In  this 
series  of  experiments,  the  fluorescence  decayed  more  rapidly 
upon  the  switch  to  high  potassium  than  in  the  controls  and  then 
paralleled  the  control  fluorescence.  This  is  a  measure  of  first- 
phase  release  response  to  the  potassium  depolarization  and 
elevation  of  (3-cell  calcium.  Third,  we  switched  from  low 
potassium  after  five  images,  to  high  potassium  after  an  addi¬ 
tional  five  images,  and  then  to  high  potassium  plus  400  nm 
glibenclamide  for  the  remaining  40  images  ( n  =  8).  In  this 
series  of  experiments,  the  fluorescence  decayed  more  rapidly 
than  the  control,  first  in  response  to  the  switch  to  high  potas¬ 
sium  and  then  in  response  to  the  switch  to  glibenclamide.  The 
time  constants  show  that  the  first-  and  second-response  com¬ 
ponents  are  kinetically  distinct  and  mimic  the  faster  first  and 
slower  second  phases  in  response  to  high  glucose.  Overall,  the 
results  indicate  that  (3 -cells  rather  uniformly  responded  to  the 
high-potassium  and  glibenclamide  secretagogues,  as  they  do  to 
high-glucose  stimulation,  with  a  gradual  time-dependent  re¬ 
lease  of  a  fraction  of  their  insulin  secretory  content. 

We  next  asked  to  what  extent  does  the  time  course  of  decay 
in  single  (3-cell  fluorescence  reflect  insulin  secretion.  The  time 
course  of  fluorescence  decay  in  the  stimulated  (3 -cell  should 
most  closely  relate  to  cumulative  insulin  release  in  the  extra- 
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Fig.  4.  Simultaneous  stimulation  of  insulin  secretion  by  glibenclamide  and 
glucose  is  similar  to  that  by  either  stimulus  alone.  Time  course  of  fractional 
peak  insulin  secretory  rate  of  mouse  islets  in  KRBB  in  7.5  mM  glucose  was 
determined  in  response  to  the  stimuli  indicated.  As  before,  the  first  stimulus 
was  30  mM  K+  depolarization  at  5  min  and  continued  throughout  the 
experiments.  The  second  stimulus  was  simultaneous  application  of  4  jxM 
glibenclamide  and  20  mM  glucose  (dashed-solid  line;  n  =  3),  4  |jlM  gliben¬ 
clamide  alone  as  control  (solid  line;  n  =  3),  or  20  mM  glucose  alone  as  control 
(dashed  line;  n  =  3)  and  continued  through  the  remainder  of  the  perifusions. 
All  3  experimental  stimulus  conditions  were  performed  in  parallel  on  each  of 
3  independent  sets  of  islet  preparations.  ELISA  was  used  as  before  to 
determine  the  insulin  content  in  the  perifusion  fractions,  and  the  results  are  the 
fraction  of  the  maximal  secretory  rate  obtained  within  each  perifusion.  Error 
bar  cap  widths  increase  from  glibenclamide  or  glucose  alone  to  glibenclamide 
and  glucose  combined  stimulus  conditions  for  clarity.  Statistical  comparisons 
showed  no  significant  difference  (P  >  0.1)  between  any  pairwise  comparisons. 
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cellular  medium.  Therefore,  the  time  derivative  of  the  fluores¬ 
cence  decay  should  be  more  closely  related  to  the  rate  of 
insulin  release  than  the  decay  itself.  Differentiation  of  the  high 
potassium  alone  and  high  potassium  plus  glibenclamide  time 
courses,  after  the  secretagogue-independent  control  decay  is 
subtracted,  resulted  in  transient  and  sustained  components  of 
C-emGFP  fluorescence  decay  rates.  Most,  notably,  the  high- 
potassium  depolarization  evoked  a  rapid  transient  rate  of  flu¬ 
orescence  decay,  whereas  the  further  glibenclamide  application 
evoked  a  more  prolonged  rate  of  fluorescence  decay. 

Figure  6  shows  representative  experiments  on  imaging  the 
islet  (3-cell  response  to  high-potassium  depolarization  and  to 
the  subsequent  glibenclamide  stimulation.  For  the  response  to 
the  high-potassium  depolarization,  Fig.  6 A  presents  images 
from  one  of  the  eight  experiments  showing  the  minor  decays  in 
cellular  fluorescence  and  release  of  one  to  a  few  fluorescent 
granules.  For  the  glibenclamide  response,  Fig.  6 B  presents 
images  from  an  additional  three  of  the  eight  experiments 
showing  the  time-dependent  loss  of  insulin  granules  labeled  by 
Ins-C-emGFP  in  response  to  glibenclamide.  Importantly,  the 
images  indicate  that  the  glibenclamide  stimulus  does  not  elicit 


A 


B 


time,  s 


any  sudden  massive  loss  of  insulin  granules.  Rather,  gradual, 
time-dependent  loss  of  fluorescent  granules  was  observed  from 
the  (3-cells  in  all  eight  experiments.  The  results  exclude  the 
possibility  that  glibenclamide  stimulates  complete  degranula¬ 
tion  from  a  minority  of  (3 -cells  with  little  or  no  effect  on  the 
majority  of  cells. 

Glibenclamide-stimulated  release  depends  on  calcium.  Glib¬ 
enclamide- stimulated  release  might  also  share  with  glucose- 
stimulated  release  the  property  of  calcium  dependence.  Alter¬ 
natively,  glibenclamide  might  be  working  by  a  calcium-inde¬ 
pendent,  nonphysiological  pathway,  altogether  distinct  from 
what  happens  during  GSIS.  To  further  compare  the  stimuli,  we 
studied  the  extracellular  calcium  dependence  of  glibenclamide- 
stimulated  release.  Extracellular  calcium  was  omitted,  and  the 
calcium  chelator  EGTA  was  added  at  1  mM  to  KRBB.  The  1.6 
mM  Mg2+  as  a  divalent  normally  present  in  KRBB  should 
suffice  for  maintenance  of  the  (3 -cell  membrane.  Figure  7 
shows  the  results  of  three  experiments  where  glibenclamide- 
stimulated  release  failed  to  proceed  without  free  calcium. 
Insulin  secretion  returned  once  free  calcium  was  restored  in  the 
secretory  buffer,  indicating  that  the  islets  were  competent  for 
release.  Therefore,  glibenclamide  and  high  extracellular  potas¬ 
sium  are  insufficient  for  insulin  secretion  in  the  absence  of 
calcium. 

DISCUSSION 

Under  conditions  of  sustained  high-potassium  depolariza¬ 
tion  and  elevated  (3-cell  calcium,  we  found  that  glibenclamide 
stimulated  a  second-phase  release  of  insulin  that  mimicked 
second-phase  release  of  insulin  by  high  glucose.  Insulin  secre¬ 
tion  and  calcium  levels  were  each  measured  in  intact  islet 
(3-cells  by  using  distinct  and  direct  methods.  Together  with  the 
identification  of  KAtp  channels  at  insulin  granules  (21,  47,  50), 
the  results  provide  evidence  for  a  second,  granule-localized 


Fig.  5.  Slow  time-dependent  release  of  C-GFP  (green  fluorescent  protein) 
insulin  granule  fluorescence  in  response  to  glibenclamide  stimulus.  A:  changes 
in  C-GFP  fluorescence  expressed  in  the  (3-cell  were  monitored  following 
high-K+  depolarization,  followed  by  high  K+  plus  glibenclamide  ( n  =  8). 
Images  were  taken  every  20  s  or  more  frequently  for  1,000  s.  Two  classes  of 
control  experiments  were  performed.  To  identify  any  stimulatory  effect  of 
glibenclamide,  we  simply  omitted  the  glibenclamide  from  the  superfusion 
solution  in  the  first  class  of  controls  (shaded  circles;  n  =  5)  by  comparing  the 
rate  of  fluorescence  decay  with  and  without  the  second  glibenclamide  stimulus. 
To  identify  any  effect  of  fluorescence  loss  independent  of  secretagogues,  both 
the  high  K+  and  glibenclamide  were  omitted  (shaded  diamonds;  n  =  5).  The 
high-K+  depolarization  followed  by  glibenclamide  elicited  2  distinct  compo¬ 
nents  of  decay.  The  initial  decay  was  similar  to  that  elicited  by  high  K+  alone 
and  could  be  adequately  fit  by  an  exponential  with  t  of  33  s.  The  decay 
component  subsequent  to  the  second  glibenclamide  stimulus  could  be  ade¬ 
quately  fit  by  an  exponential  with  t  of  672  s.  In  the  absence  of  secretagogues, 
initial  fluorescence  decayed  a  total  of  0.05  on  average.  The  fluorescence  decay 
after  the  glibenclamide  stimulus,  however,  was  significantly  increased  ( P  < 
0.05)  compared  with  the  mock  addition  controls  shortly  after  the  400-s  time 
point  through  the  end  of  the  time  course.  B :  Time  derivative  of  the  fluorescence 
decay  approximates  the  insulin  secretory  rate.  (3-Cells  within  an  islet  were 
infected  by  adenoviral  vector  Ins-C-GFP.  Mouse  islets  were  maintained  in 
KRBB  with  30  mM  KC1  and  7.5  mM  glucose.  Time  course  values  are  means  ± 
SE  of  the  mean  fractional  fluorescence  intensity  change,  where  approximately 
the  first  0.5-|jim  (3-cell  membrane  proximal  optical  section  was  imaged  over  the 
time  points  indicated  [d(F/Fmax)/df].  Fluorescence  intensity  changes  of  entire 
cell  region  of  interest  were  analyzed,  and  values  were  normalized  to  the 
maximum  fluorescence  value  obtained  for  a  given  experimental  time  series, 
obtained  using  a  Plan  Apo  X60  oil,  NA  1.4,  objective,  Fluoview  300  confocal 
microscope. 
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KAtp  channel-dependent  pathway  underlying  insulin  secretion 
that  can  be  stimulated  by  either  glibenclamide  or  high-glucose 
metabolism.  The  results  expand  on  previous  experiments  indi¬ 
cating  that,  at  high  glucose  concentrations,  calcium  is  not  the 
sole  controlling  parameter  for  insulin  secretion  (36,  19,  20,  40) 
and  further  implicate  ATP  and  ADP  signals  as  candidate 
coupling  factors  (13,  14,  30,  38). 

Previous  support  for  granule-localized  Katp  channels  in¬ 
clude  observations  that  high-affinity  sulfonylurea  receptors 
cosegregated  with  insulin  secretory  granules  through  sucrose 


1  mM  EGTA-0  Calcium  |  3.5  mM  Calcium 


|  High  K+  Depolarization 


Fig.  7.  Calcium  dependence  of  glibenclamide  stimulation  of  insulin  secretory 
rate  beyond  that  elicited  by  elevated  KC1.  Parallel  perifusions  were  performed 
in  EGTA-0  Ca2+  KRRB  with  7.5  mM  glucose.  At  10  min,  KC1  was  stepped 
from  4.8  to  30  mM  in  each  perifusion  for  another  10  min.  After  this,  the 
perifusions  were  treated  differently.  To  one  perifusion  at  20-45  min,  4  |jlM 
glibenclamide  was  added  to  the  buffer  with  30  mM  KC1  (solid  line).  To  the 
other  perifusion  at  20-45  min,  nothing  was  added  (dashed  line).  Next,  to  both 
perifusions  at  45  min,  3.5  mM  CaCl2  was  added.  ELISA  was  used  to  determine 
insulin  content  in  the  fractions  of  the  collected  secretion  medium,  as  indicated. 
At  the  end  of  the  perifusions,  Ca2+  was  added  back  to  demonstrate  that  the 
islets  were  otherwise  secretion  competent.  Statistical  comparison  of  the  glib¬ 
enclamide  vs.  mock  addition  control  perifusions  showed  no  significant  differ¬ 
ence  (P  >  0.1)  during  any  of  the  basal  or  stimulus  periods  with  or  without 
extracellular  free  Ca2+. 


gradient  purification  (7,  34).  These  reports  also  show  that 
glibenclamide  localized  to  insulin  dense  core  granules,  as 
revealed  by  immunoelectron  microscopy,  and  cross-linked  to 
140-kDa  granule  receptor  proteins.  More  recent  findings  have 
demonstrated  that  the  major  site  for  Katp  channels,  which 
comprise  the  140-kDa  SUR1  and  the  43-kDa  Kir6.2  subunits, 
reside  on  insulin  secretory  granules  (21,  47,  50).  The  evidence 
reported  included  localization  of  fluorescent  glibenclamides  to 
insulin  granules  and  not  to  other  intracellular  membranous 
organelles  or  the  (3 -cell  plasmalemma.  Together  with  the  func¬ 
tional  evidence  reported  presently,  the  observations  suggest 
models  in  which  granule  KAtp  channels  functionally  couple 
high-glucose  metabolism,  or  glibenclamide  stimulation,  to 
speeding  the  resupply  of  calcium-releasable  secretory  granules 
at  sites  for  exocytic  release. 


Fig.  6.  Single  (3-cells  stimulated  by  glibenclamide  show  incremental  time- 
dependent  loss  of  insulin  granule  fluorescence.  A:  response  to  high-K+  stim¬ 
ulation.  Top  row  of  images  are  from  an  experiment  showing  the  relatively 
minor  decays  in  cellular  fluorescence  immediately  after  the  high-K+  stimula¬ 
tion  and  before  glibenclamide  addition  ( n  =  8).  Dashed  lines  in  the  first  and 
last  images  highlight  a  region  of  general  cellular  fluorescence  loss.  Boxes  with 
arrowheads  indicate  single  fluorescent  granule  loss.  Bottom  row  of  images  are 
the  boxed  regions  from  the  row  above  enlarged  to  better  show  single  fluores¬ 
cent  granule  release.  B-D:  responses  to  glibenclamide  stimulation.  Images  in 
each  row  are  shown  from  each  of  3  experiments  in  which  glibenclamide  was 
used  as  the  second  stimulus.  Each  row  shows  a  (3-cell  with  fluorescently 
labeled  granules  at  0  (left),  200  (middle),  and  400  s  (right)  after  the  gliben¬ 
clamide  stimulation.  All  (3-cells  responded  similarly  with  an  overall  net  loss  in 
fluorescently  labeled  granules  (n  =  8).  In  no  case  did  the  glibenclamide 
stimulus  elicit  a  sudden  dramatic  loss  of  granules.  Note  that  for  the  stationary 
granules  in  these  experiments,  fluorescence  intensity  typically  decremented 
<0.05,  which  was  comparable  with  the  decrement  in  unstimulated  whole  cell 
fluorescence.  All  optical  z  planes  are  immediately  proximal  to  the  coverslip  to 
maximize  the  ability  to  observe  granules  that  potentially  could  release.  Images 
were  viewed  using  a  Plan  Apo  X60  oil,  NA  1.4,  objective,  Fluoview  300 
confocal  microscope. 
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Mouse  KAtp  channel  knockout  models  (15,  32,  44)  and  an 
additional  knockdown  model  (31),  but  not  another  knockout 
model  (33,  42),  are  consistent  with  a  granule-localized  Katp 
channel-dependent  pathway.  In  Kir6.2  and  SUR1  knockout 
models,  isolated  islets  show  elevated  (3-cell  calcium  levels  in 
low  glucose  (2.8  mM),  yet  in  high  glucose  (16.7  mM),  they 
show  neither  changes  in  the  high  calcium  levels  nor  significant 
GSIS  (15,  32,  44).  In  the  knockdown  model,  in  which  Kir6.2 
expression  was  disrupted  by  hammerhead  ribozymes,  high 
glucose  also  failed  to  stimulate  second-phase  insulin  release 
despite  chronically  elevated  calcium  (31).  Another  SUR1 
knockout  model,  however,  in  earlier  studies  showed  islets  with 
dramatically  slowed  insulin  secretory  responses  to  glucose 
regulation  (42),  whereas  more  recent  results  showed  surpris¬ 
ingly  normalized  GSIS  (33).  In  this  model,  either  the  KAtp 
channel  is  dispensable  for  normal  GSIS  or  compensatory 
factors  have  come  into  play  (33). 

An  intracellular  role  for  sulfonylureas  has  been  previ¬ 
ously  suggested  based  on  in  vitro  results  showing  that 
intracellular  injection  of  tolbutamide  into  whole  cell 
clamped  (3-cells  increased  its  cell  capacitance  as  a  measure 
of  insulin  secretion  (4,  18).  Intracellular  injection  of  ADP 
was  also  shown  to  block  the  (3-cell  capacitance  increase. 
The  results  reported  presently  extend  these  findings  to  intact 
islets  and  show  glibenclamide-stimulated  secretion  associ¬ 
ated  with  second  phase  measured  directly  by  insulin  assay. 
In  the  confocal  measurements  reported  presently,  the  overall 
decrease  in  membrane  fluorescence  observed  indicates  that 
any  stimulated  rate  of  granule  cargo  arrival  at  the  membrane 
is  less  than  the  rates  of  the  exocytic  release  and  endocytic 
internalization.  The  sustained  stimulated  secretory  rate  ob¬ 
served  by  insulin  assay,  together  with  the  decrease  in 
membrane  cargo  fluorescence,  is  consistent  with  a  stimu¬ 
lated  arrival  rate,  but  one  that  is  more  than  offset  by  the 
other  two  departure  rates. 

The  actions  of  glibenclamide  on  insulin  secretion  reported 
presently  are  consistent  with  models  in  which  decreased  ADP 
and  increased  ATP  binding  to  the  granule-localized  KAtp 
channels  contributes  to  insulin  granule  trafficking  or  priming 
mechanisms  resupplying  calcium-releasable  granules  for  sec¬ 
ond-phase  release.  Thus  two  KAtp  channel-dependent  path¬ 
ways  regulating  insulin  secretion  can  be  distinguished  at  least 
in  part  by  their  plasmalemmal  and  granule  locations  in  the 
(3 -cell.  Our  results  in  no  way  indicate  that  adenine  nucleotides 
are  exclusive  signals  from  high-glucose  metabolism  that  gov¬ 
ern  second-phase  insulin  secretion  (28).  In  the  case  of  adenine 
nucleotides,  we  speculate  their  binding  to  granule  KAtp  chan¬ 
nels  might  regulate  priming  of  the  granules  to  a  calcium- 
releasable  state  by  an  ionic  mechanism  (5,  45),  stimulate 
trafficking  to  release  sites,  or  enhance  interactions  there  with 
exocytic  and  endocytic  proteins  (11,  17,  29,  35).  Further 
investigation  of  these  regulatory  pathways  will  be  important  to 
more  fully  understand  the  role  of  KAtp  channels  in  the  treat¬ 
ment  of  diabetic  subjects  (8,  22,  39,  49). 
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Complications  of  type  1  diabetes  (T1D),  even  with 
reduction  in  risk  as  a  result  of  better  glycemic  control, 
are  still  the  major  concern  for  pediatricians  dealing 
with  young  patients  who  during  their  lifetime  will 
eventually  have  to  face  impaired  vision,  reduced 
peripheral  sensitivity,  and  kidney  disease.  T1D  is  asso¬ 
ciated  with  increased  risk  of  nephropathy,  a  clinical 
syndrome  usually  accompanied  by  other  diabetic- 
related  complications  such  as  retinopathy  and  neu¬ 
ropathy.  Blood  pressure  elevation,  cerebrovascular 
disease  and  high  risk  of  cardiovascular  morbidity  and 
mortality  accompany  the  renal  symptoms,  completing 
the  picture  of  the  syndrome  (1).  An  estimated  20-40% 
of  T1D  patients  will  develop  diabetic  nephropathy 
(DN),  clinically  first  evidenced  by  microalbuminuria, 
during  their  lifetime.  If  untreated,  nearly  all  T1D 


patients  experiencing  microalbuminuria  will  progress 
to  overt  nephropathy,  evidenced  by  macroalbuminu¬ 
ria,  followed  by  declining  kidney  function,  and 
culminating  in  end-stage  renal  disease  (ESRD)  (2,  3). 
In  addition  to  frequent  morbidity  linked  to  treating 
complications  of  the  kidney  (e.g.,  dialysis  and  kidney 
transplantation),  patients  experience  a  high  rate  of 
mortality,  with  a  5-yr  survival  rate  of  21%  once  ESRD 
has  developed.  An  estimated  45%  of  new  patients 
requiring  dialysis  and  kidney  transplant  are  diabetic 
(T1D  and  T2D),  and  diabetes  is  the  most  common 
and  rapidly  increasing  cause  of  ESRD  in  the  US  and 
European  populations. 

The  prevalence  and  course  of  DN  are  similar  in 
T1D  and  T2D  patients  when  matched  for  duration  of 
the  disease  (4).  T2D  incidence  is  increasing  in  children 


307 


Pasquali  et  al. 


and  has  become  a  major  concern  for  pediatricians.  DN 
follows  an  established  natural  history.  The  cardinal 
clinical  feature  of  the  syndrome  is  the  progressive 
increase  in  urine  protein  excretion  rate  (2).  The  clinical 
course  starting  with  microalbuminuria  through  pro¬ 
teinuria  and  azotemia  culminates  with  ESRD.  Before 
the  onset  of  overt  nephropathy,  a  prolonged  period  of 
clinical  silence  hides  various  changes  in  renal  function 
such  as  hyperfiltration,  hyperinfusion,  and  increasing 
capillary  permeability  to  macromolecules. 

A  progressive  rise  in  arterial  blood  pressure  and 
albuminuria  accompanies  glomerular  filtration  rate 
(GFR)  decline.  T1D  patients  predominantly  develop 
diastolic  hypertension,  whereas  T2D  patients  typically 
manifest  systolic  hypertension  (1).  Microalbuminuria 
remains  the  best  predictor  of  DN  in  both  T1D  and 
T2D  patients  (5).  Risk  factors  correlated  with  disease 
progression  are  poor  glycemic  control,  hypertension, 
dyslipidemia,  elevated  serum  cholesterol,  and  smoking 
(6-8).  ESRD  is  the  major  cause  of  mortality  in  T1D 
patients  and  is  the  dominant  indicator  of  fatality  as 
a  result  of  cardiovascular  disease  (9,  10). 

Changes  in  kidney  structure  described  in  diabetic 
patients  (T1D  and  T2D)  include  nodular  glomerular 
sclerosis  (Kimmelstiel-Wilson  nodular  disease)  (11) 
and  a  diffuse,  generalized  process  of  mesangial  expan¬ 
sion  (diffuse  diabetic  glomerulosclerosis).  In  addi¬ 
tion,  ultrastructural  changes  such  as  thickening  of  the 
tubular  and  the  glomerular  basement  membrane 
(GBM),  arteriolar  hyalinosis  (afferent  and  efferent) 
and  increase  of  mesangial  matrix  component  have 
been  observed  in  both  T1D  and  T2D.  Changes  in  the 
GBM  and  the  mesangium  already  can  be  detected 
after  2  yr  of  diabetes  during  a  period  of  clinical  silence 
(12).  However,  in  some  T2D  patients,  a  more  hetero¬ 
geneous  renal  pathology  has  been  described  (13,  14). 
The  latter  includes  superimposed  changes  observed  in 
T2DM  such  as  chronic  vascular  (arteriosclerotic  type) 
and  tubulointerstitial  lesions  or  glomerular  changes 
unrelated  to  diabetes  such  as  proliferative  glomerulo¬ 
nephritis  or  membranous  nephropathy  (15).  The 
atypical  pattern  in  renal  pathology  described  for 
T2D  may  underline  the  interplay  of  different  factors 
acting  as  promoters  of  progression  in  the  disease  other 
than  hyperglycemia. 

Genetic  risk  of  DN  and  ESRD 

It  is  widely  accepted  that  poorly  controlled  blood 
glucose  while  closely  correlated  with  T1DN  is 
insufficient  to  fully  account  for  the  incidence  of 
kidney  disease  in  this  population.  Approximately  half 
of  the  patients  with  poor  glycemic  control  do  not 
develop  nephropathy  (16-18).  Epidemiologic  study  of 
the  disease  has  provided  evidence  supporting  the 
hypothesis  that  there  is  a  genetic  predisposition. 
Among  T1D  patients  who  have  healthy  kidney 
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function  30  yr  after  onset  of  diabetes,  the  incidence 
of  T1DN  decreases,  even  among  individuals  experi¬ 
encing  retinopathy.  New  cases  of  T1DN  are  few 
among  individuals  with  long-lasting  T1D  (3,  19,  20). 
Studies  of  siblings  concordant  for  T1D  have  demon¬ 
strated  familial  clustering  of  DN.  The  increased 
familial  incidence  of  T1DN  allowed  the  estimation 
of  the  genetic  risk  ratio  for  a  sibling  ranging  between 
roughly  twofold  for  T1DN  and  threefold  for  T1D- 
ESRD  (21-24). 

T1DN  is  a  complex  genetic  disease  indicating  that 
synergy  among  several  genes,  with  varying  individual 
effects,  are  contributing  to  the  disease.  Models  of 
genetic  susceptibility  to  T1DN  are  based  primarily  on 
the  analysis  of  Rogus  et  al.  (25)  who  used  the  data 
reported  by  Quinn  et  al.  (23)  to  simulate  the  incidence 
of  T1DN  among  siblings.  Their  analysis  modeled  the 
occurrence  of  T1DN  assuming  co-occurrence  of 
71.5%  when  the  index  case  exhibited  T1DN  and 
25.4%  when  the  index  case  presented  T1D  but  with 
normal  kidney  function.  Comparison  of  these  obser¬ 
vations,  when  overlaid  onto  a  genetic  model  of  an 
autosomal  dominant  gene  with  20%  disease  allele 
frequency  and  100%  penetrance,  implied  a  36% 
lifetime  risk  of  developing  nephropathy  in  the 
individuals  with  T1D.  Risks  of  66.2  and  19.0%  were 
predicted  for  T1D  siblings  of  the  index  cases  with  and 
without  T1DN,  respectively.  In  contrast,  an  autoso¬ 
mal  recessive  model  assuming  60%  disease  allele 
frequency  in  the  Caucasian  population  also  accounted 
for  the  observed  lifetime  risk  of  T1DN  and  similar 
sibling  risks  of  64.0  and  23.3%  for  an  index  case  with 
siblings  who  are  T1DN  or  T1D,  respectively. 

Genome-wide  mapping  aimed  at  understanding  the 
basis  for  inherited  risk  of  diseases  coincident  with 
T1DN  (i.e.,  T1D  and  hypertension)  have  identified 
genetic  elements  consistent  with  their  etiology 
(Table  1).  For  example,  T1D  has  been  strongly  linked 
to  inheritance  of  histocompatibility  leukocyte  antigen 
(HLA)  class  II  DRB1  and  DQB1  loci  expressing 
a  non-aspartate  residue  at  amino  acid  57  (26,  27).  An 
estimated  95%  of  T1D  patients  have  inherited  at  least 
one  copy  of  the  DRB1  *030 1,DQB  1*0201  or  the 
DRB1*04,DQB1*0302  haplotype  (28).  Between  30 
and  40%  of  T1D  patients  are  heterozygous  for  the 
combined  haplotype  despite  the  expected  frequency  of 
2%  in  their  respective  populations  (29-31).  However, 
HLA  is  estimated  to  account  for  only  40%  of  the 
genetic  risk  of  developing  T1D  (32-34).  Genetic 
analyses  of  affected  individuals  have  identified  addi¬ 
tional  T1D  susceptibility  loci,  reproducibly  implicat¬ 
ing  chromosomal  regions  lip  15. 5  (insulin-dependent 
diabetes  mellitus  [IDDM]2,  INS),  2q33  (IDDM12, 
CTLA4  region),  and  lpl3  (PTPN22)  (34-36). 

Comparison  of  biopsy  tissues  from  the  kidneys  of 
T1DN  patients  supports  the  hypothesis  that  familial 
factors  affect  severity  of  the  glomerular  lesion.  In  fact 
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Table  1.  Confirmed  genetic  elements  influencing  susceptibility  to  type  1  diabetes 


Locus 

symbol 

IDDM 

region 

Cytogenetic 

band 

Odds  ratio 

Sibling  risk 
ratio 

Description 

HLA-DQB1 

IDDM1 

6p21 .3 

95 

2.5-3. 6 

HLA  class  II  locus  DQB1  accounts  for 
greater  than  40%  of  the  relative  genetic 
risk  associated  with  T1D 

INS 

IDDM2 

1 1  p15.5 

2.7 

1.29 

Association  between  a  VNTR  marker 
located  immediately  5'  of  the  insulin 
gene  locus 

CTLA4 

IDDM12 

2q33 

1.2 

1.01 

The  CTLA4  locus  along  with  ICOS 
and  CD28  are  each  strong  candidates 
for  IDDM12-associated  risk 

PTPN22 

1  p  1 3 

1.8 

1.23 

The  PTPN22  locus  encodes  a  tyrosine 
phosphatase  and  is  linked  with  an 
increased  risk  for  T1D  as  well  as  other 
autoimmune  diseases,  e.g.,  rheumatoid 
arthritis,  systemic  lupus  erythematosus, 
and  thyroiditis 

HLA,  histocompatibility  leukocyte  antigen;  ICOS,  inducible  t-cell  costimulator;  IDDM,  insulin  dependent  diabetes  mellitus; 
INS,  insulin;  T1D,  type  1  diabetes;  VNTR,  variable  number  of  tandem  repeat.  Data  are  summarized  from  genetic  linkage 
analysis  described  by  Onengut-Gumuscu  and  Concannon  (36)  and  Motzo  et  al.  (147). 


significant  similarities  between  glomerular  lesions 
were  identified  even  when  sibling  T1D  patients  were 
discordant  for  glycemic  control  (37).  The  correlation 
in  severity  of  glomerular  lesions  among  T1D  siblings 
independent  of  hemoglobin  A1C  (HbAlC)  levels  is 
consistent  with  an  underlying  genetic  predisposition. 
Development  of  lesions  in  normal  kidneys  trans¬ 
planted  into  diabetic  patients  has  been  described  in  a 
long-term  study  of  recipients  6-14  yr  after  trans¬ 
plantation.  Wide  variation  in  the  rate  of  development 
of  lesions  in  different  kidneys  was  observed  indepen¬ 
dently  from  the  history  of  blood  glucose  levels.  This 
suggests  that  in  addition  to  glycemic  control  per  se  risk 
factors  intrinsic  to  the  kidney  itself  are  present  (38,  39). 

In  addition  to  T1D,  hypertension  is  an  inheritable 
risk  factor  linked  to  development  of  kidney  disease, 


indicating  that  the  genetics  of  T1DN  and  essential 
hypertension  may  be  linked  (Tables  2  and  3).  By 
controlling  blood  volume,  the  kidney  is  responsible 
for  long-term  blood  pressure  control.  Impaired  kidney 
function  is  a  principal  component  underlying  the 
physiology  of  essential  hypertension  (40,  41).  Family- 
based  studies  have  reported  an  increased  incidence  of 
hypertension,  3(M10%  higher  in  patients  who  develop 
T1DN  (42,  43),  whereas  patients  with  uncomplicated 
T1D  exhibit  relatively  lower  blood  pressures  (41). 
Parents  of  T1DN  patients  frequently  exhibit  increased 
blood  pressure  when  compared  with  parents  of 
unaffected  T1D  patients,  suggesting  a  familial  basis 
linking  hypertension  with  impaired  kidney  function 
(43).  Studies  designed  to  deconstruct  the  role  of 
genetics  on  hypertension  have  indicated  that  different 


Table  2.  Genes  linked  to  Mendelian  hypertensive  disorders 


Locus  symbol(s) 

Mendelian  disorder 

Physiological  role 

Description 

HSB11B1 

Apparent  mineralocorticoid 
excess 

Salt-water  homeostasis 

1 1-beta-hydroxysteroid 
dehydrogenase,  type  1 
(autosomal  recessive  trait) 

CYP11B1, 

CYP11B2 

Glucocorticoid-remediable 

aldosteronism 

Salt-water  homeostasis 

Cytochrome  P450,  subfamily  XIB, 
polypeptide  1  and  cytochrome  P450, 
subfamily  XIB,  polypeptide  2 
(autosomal  dominant  trait) 

SCNN1B, 

SCNN1G 

Liddle  syndrome 

Salt-water  homeostasis 

Sodium  channel,  nonvoltage-gated  1, 
beta  subunit  and  sodium  channel, 
nonvoltage-gated  1,  gamma  subunit 
(autosomal  dominant  trait) 

NR3C2 

Mutations  in  mineralocorticoid 
receptor 

Salt-water  homeostasis 

Nuclear  receptor  subfamily  3, 
group  C,  member  2 
(autosomal  dominant  trait) 

WNK1 ,  WNK4 

Pseudohypoaldosteronism 
type  II 

Salt-water  homeostasis 

Protein  kinase,  lysine-deficient  1  and 
protein  kinase,  lysine-deficient 

4  (autosomal  dominant  trait) 

Data  are  summarized  from  Mullins  et  al.  (45),  Litton  et  al.  (119),  and  Cowley  (148). 
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Table  3.  Candidate  loci  influencing  susceptibility  to  essential  hypertension 


Locus  symbol 

Cytogenetic  band 

Physiological  role 

Description 

Candidate  genes  located  on  chromosome  1q 

AGT 

1q42-q43 

RAS 

Angiotensin  1 

AVPR1B 

1q32 

Salt-water  homeostasis 

Arginine  vasopressin  receptor  IB 

HSD11B1 

1q32-q41 

Steroid  metabolism 

1 1-beta-hydroxysteroid  dehydrogenase, 
type  1 

NPR1 

1q21-q22 

Salt-water  homeostasis 

Natriuretic  peptide  A  type  receptor 

REN  1q32 

Candidate  genes  located  on  chromosome  3q 

RAS 

Renin 

AGTR1 

3q21-q25 

RAS 

Angiotensin  II  receptor,  type  1 

CLCN2 

3q27-q28 

Salt-water  homeostasis 

Chloride  channel  2 

DRD3 

3q13.3 

adrenergic  system 

Dopamine  receptor  D3 

ECE2 

3q28-q29 

Endothelin  related 

Endothelin-converting  enzyme  2 

KNG1 

3q27 

Kallikrein— Kinin  system 

Kininogen  1 

MME 

3q25.1-q25.2 

Salt-water  homeostasis 

Membrane  metallo-endopeptidase 
(neutral  endopeptidase,  enkephalinase) 

RAS,  renin-angiotensin  system.  Data  are  summarized  from  DeWan  et  al.  (44),  Hamet  et  al.  (149),  and  Jeunemaitre  et  al.  (150). 


genes  may  contribute  to  increased  incidence  of 
hypertension  in  different  ethnic  groups  (44,  45). 
Genome-wide  scans  have  implicated  different  regions 
of  chromosome  3  in  Caucasian  and  African-American 
populations  as  well  as  genetic  markers  on  chromo¬ 
some  1  and  6  among  Caucasians  (43,  45,  46)  (Table  3). 
Improved  understanding  of  the  inherited  basis  of 
T1DN  may  lead  to  deeper  understanding  of  the 
molecular  mechanisms  underlying  the  disease,  leading 
to  improved  therapeutic  intervention  as  well  as 
improved  understanding  of  why  the  majority  of  T1D 
patients  maintain  normal  kidney  function  while 
a  substantial  minority  go  on  to  exhibit  T1DN. 

A  number  of  genome-wide  linkage  scans  have  been 
performed  in  order  to  evaluate  the  genetics  underlying 
impaired  kidney  phenotype.  The  first  genome  scans 
were  performed  in  a  Pima  Indian  cohort  with  T2D 
and  proteinuria.  Genetic  analysis  of  sib  pairs  identi¬ 
fied  significant  linkage  on  chromosome  7.  Additional 
loci  were  identified  on  chromosomes  3q  and  9. 
Genome  scans  performed  in  an  African-American 
cohort  affected  by  T2D  and  ESRD  revealed  evidence 
for  susceptibility  on  chromosomes  3q,  7p,  and  18q 
(Table  4).  However,  as  these  studies  were  performed 
using  DNA  obtained  from  affected  sib  pairs  concor¬ 
dant  for  both  T2D  and  proteinuria  or  ESRD,  positive 
signals  may  have  cosegregated  with  T2D  or  nephrop¬ 
athy.  Following  nephropathy  only,  a  study  performed 
using  a  cohort  of  18  large  Turkish  families  with  T2D 
and  proteinuria  showed  strong  linkage  with  chromo¬ 
some  18q.  A  recent  genome-wide  association  study 
has  been  performed  genotyping  greater  than  80  000 
single  nucleotide  polymorphisms  (SNPs)  using  a 
cohort  of  T2DN  (case)  and  T2D  (control)  patients, 
identifying  genetic  association  with  the  engulfment 
and  cell  motility  1  gene  ( ELMOl )  and  a  p  value  of  less 
than  8  X  10-6  on  chromosome  7p  (47).  Osterholm 
et  al.  (48)  have  recently  performed  a  genome-wide 
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linkage  analysis  using  T1D  sib  pairs  discordant  for 
nephropathy.  The  study  identified  five  genomic 
regions  with  possible  linkage  to  T1DN,  implicating 
chromosomes  3q,  4p,  9p,  16q,  and  22p.  The  overlap 
between  chromosome  3q  identified  from  this  study 
and  those  performed  with  T2DN  cohorts  suggests 
a  possible  area  of  focus  for  future  genetic  analyses. 

The  complex  etiology  of  DN  reflects  the  intricate 
nature  of  the  disease,  requiring  a  combination  of  alleles 
of  several  genes  in  addition  to  exposure  to  environ¬ 
mental  factors.  The  role  of  shared  environmental  risk 
factors  has  been  extensively  evaluated,  and  while  their 
exact  nature  is  unclear,  it  is  likely  that  similar  lifestyles 
such  as  eating  and  smoking  habits  are  more  prevalent 
among  siblings  compared  with  unrelated  T1D  patients. 
Glycemic  control  has  been  proposed  to  be  a  risk  factor 
for  nephropathy  (49).  Studies  on  diabetic  twins  have 
indicated  that  HbAlC  levels  are  at  least  partially 
genetically  determined,  accounting  for  greater  than 
60%  of  the  population  variance  of  glycosylated  hemo¬ 
globin  (50).  Individuals  with  good  glycemic  control, 
whether  through  genetics  or  as  a  result  of  rigorous 
testing  and  adjustment  of  insulin  doses  to  control  blood 
glucose  levels,  are  able  to  reduce  their  risk  of  de¬ 
veloping  diabetic  complications,  including  T1DN  as 
was  shown  in  the  Diabetes  Control  and  Complica¬ 
tions  Trial  (DCCT),  as  explained  later  in  this  text. 

Risk  factors  associated  with  the  progression 
of  T1DN 

What  factors  contribute  to  onset  of  nephropathy  as 
a  complication  in  T1D  patients?  Early  age  of  T1D 
onset  may  be  linked  to  the  increased  risk  of  T1DN 
(51),  but  this  conclusion  has  been  controversial  (52, 
53).  The  observation  that  the  risk  for  T1DN  reaches 
a  peak  incidence  at  ages  25-29  yr  and  occurs  equally  in 
both  males  and  females  may  indicate  that  the  triggering 

Pediatric  Diabetes  2007:  8:  307-322 


Molecular  pathways  linked  to  T1DN 


Table  4.  Candidate  loci  influencing  susceptibility  to  diabetic  nephropathy 


Locus  symbol 

Cytogenetic  band 

Physiological  role 

Description 

Candidate  genes 

located  on  chromosome 

3q 

NCK1 

3q21 

Growth  factor/cytokine/signal 
transduction 

NCK  adaptor  protein  1 

RAB7 

3q21 .3 

GTP-binding  protein  related 

RAB7,  member  RAS 
oncogene  family 

SLC2A2 

3q26.1-q26.3 

Carbohydrate  transport/metabolism 

GLUT2  (solute  carrier  family  2 
(facilitated  glucose  transporter), 
member  2 

SUCNR1 

3q24-q25.1 

Metabolism 

Succinate  receptor  1 

Candidate 

genes 

located  on  chromosome 

4p 

ADD1 

4p16.3 

Cytoskeletal  component 

Adducin  1 

Candidate 

genes 

located  on  chromosome 

7p 

ELMOI 

7p14.2 

Apoptosis  related 

Engulfment  and  cell  motility  1 

IGFBP1 

7  p 1 4-p 1 2 

Growth  factor/cytokine/signal 
transduction 

Insulin-like  growth  factor-binding 
protein  1 

IL6 

7p21 

Growth  factor/cytokine/signal 
transduction 

Interleukin  6 

NXPH1 

7p22 

Cell  adhesion 

Neurexophilin  1 

RAC1 

7p22 

GTP-binding  protein  related 

Ras-related  C3  botulinum  toxin 
substrate  1  (rho  family,  small 
GTP-binding  protein  Rac  1) 

Candidate 

genes 

located  on  chromosome 

16q 

BCAR1 

16q23.1 

Cell  adhesion 

Breast  cancer  anti-estrogen 
resistance  1 

CDH1 

16q22.1 

Tight  junction  component 

Cadherin  1,  type  1, 

E-cadherin  (epithelial) 

CDH3 

16q22.1 

Tight  junction  component 

Cadherin  3,  type  1,  P-cadherin 
(placental) 

CETP 

16q21 

Fatty  acid/cholesterol 
transport/metabolism 

Cholesteryl  ester  transfer  protein, 
plasma 

CYBA 

16q24 

Reactive  oxygen 
species  metabolism 

Cytochrome  b(-245),  alpha  subunit 

MAPK3 

1 6q  1 1 .2 

Growth  factor/cytokine/signal 
transduction 

Mitogen-activated  protein  kinase  3 

MMP2 

1 6q  1 3 

Extracellular  matrix  component 

Matrix  metalloproteinase  2 

Candidate 

genes 

located  on  chromosome 

18q 

BCL2 

18q21 .3 

Apoptosis  related 

B-cell  CLL/lymphoma  2 

DSC2 

18q12.1 

Cell  adhesion 

Desmocollin  2 

SERPINB7 

18q21 .33 

Extracellular  matrix  component 

Serpin  peptidase  inhibitor, 
cladeb(ovalbumin),  member  7 

SMAD7 

18q21 .1 

Growth  factor/cytokine/signal 
transduction 

SMAD  family  member  7 

CLL,  chronic  lymphocytic  leukemia;  GLUT,  glucose  transporter;  RAB,  RAS-associated  protein;  RAS,  renin-angiotensin 
system;  SMAD,  homolog  of  mothers  against  decapentaplegic.  Data  are  summarized  from  Shimazaki  et  al.  (47), 
Osterholm  et  al.  (48),  He  et  al.  (143),  and  Ewens  et  al.  (90). 


event(s)  may  be  independent  of  differences  in  T1D 
onset.  The  triggering  event  may,  however,  be  linked  to 
puberty  and  the  beginning  of  adolescence.  Puberty- 
associated  deterioration  in  glycemic  control,  hormonal 
changes,  as  well  as  psychosocial  pressures  have  come 
under  increased  scrutiny  for  their  influence  in  patients 
who  fail  to  maintain  good  blood  glucose  control  (54). 
Glycemic  control  often  deteriorates  during  adolescence 
in  individuals  with  T1D  and  may  result  from  develop¬ 
mental  changes,  especially  increased  growth  hormone 
secretion  during  puberty,  as  well  as  the  transition  to 
more  autonomous  lifestyle  typified  by  adulthood.  In 
some  female  patients,  there  is  also  the  emergence  of 
eating  disorders  and  the  misuse  of  insulin  as  a  means  to 
control  weight  gain  (54,  55). 
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Constitutional  factors 

Predisposition  to  the  development  of  DN  can  be 
because  of  genetic  susceptibility  as  well  as  factors 
operating  in  utero.  Intra-uterine  malnutrition  has  been 
associated  with  a  reduced  number  of  nephrons  (56), 
increasing  the  risk  of  kidney  diseases  and  hypertension 
in  adult  life  (57).  Exposure  to  unfavorable  intra-uterine 
environment  leading  to  intra-uterine  growth  retarda¬ 
tion  (IUGR)  was  proposed  as  a  risk  factor  for  DN 
progression.  This  conclusion  follows  from  the  hypoth¬ 
esis  that  reduced  nephron  number  observed  in  IUGR 
patients  (58)  may  lead  to  reduced  functional  reserve 
in  those  kidneys  subjected  to  potentially  toxic  agents 
(e.g.,  hyperglycemia  or  smoking).  Rossing  et  al.  (59) 
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observed  an  increased  risk  of  DN  in  women  with 
IUGR  and  T1D.  This  was  confirmed  for  both  sexes  in 
a  cohort  of  Pima  Indian  type  2  diabetic  patients  (60).  In 
contrast,  the  conclusion  failed  to  be  reproduced 
according  to  observations  reported  by  Eshoj  et  al. 
(61)  and  in  a  recent  study  on  Finnish  T1D  patients  (62). 
Contradictory  results  from  different  studies  have  not 
yet  clarified  if  there  is  a  correlation  between  IUGR  and 
DN;  however,  individuals  with  essential  hypertension 
were  shown  to  have  a  markedly  reduced  number  of 
nephrons  in  addition  to  an  inverse  correlation  between 
birth  weight  and  adult  systolic  blood  pressure  (63).  It  is 
possible  that  intra-uterine  factors  may  have  a  direct 
effect  on  DN  progression  later  in  life  although  the 
effect  may  be  indirect,  e.g.,  via  hypertension. 

Hyperglycemia 

Rates  of  decline  in  GFR  have  been  linked  in  T1D 
patients  to  increased  levels  of  blood  glucose  and  occur 
at  a  rate  of  roughly  10-14  ml/min/yr  in  patients  with 
persistent  albuminuria  (64).  This  observation  has  been 
confirmed  in  several  independent  studies,  indicating 
that  HbAlC  levels  are  predictive  of  the  risk  of 
subsequent  onset  of  ESRD.  In  the  absence  of 
therapeutic  intervention,  the  majority  of  patients  with 
sustained  microalbuminuria  progress  to  overt 
nephropathy  over  a  period  of  10-15  yr  (65-69). 

Control  of  blood  glucose  levels  is  critical  to  the 
development  of  the  characteristic  complications  of 
diabetes,  including  DN,  as  has  been  demonstrated  by 
the  outcome  of  the  DCCT.  The  DCCT  was  carried 
out  from  1983  to  1993  and  assessed  the  relative  effects 
of  intensive  and  conventional  insulin  therapy  treat¬ 
ments  on  preventing  development  and  progression  of 
complications  (16).  Enrolling  greater  than  1400  adult 
patients  with  T1D,  the  DCCT  showed  that  HbAlC 
levels  could  be  reduced  from  9.1%  to  7.2%  with 
a  corresponding  reduction  in  progression  of  renal 
complications  (16).  At  the  end  of  the  study,  the 
incidence  of  microalbuminuria  was  reduced  by  34%  in 
a  cohort  in  which  no  evidence  of  retinopathy  or 
nephropathy  was  present  at  baseline.  In  a  second 
cohort,  mild  and  early  complications  were  present  and 
the  DCCT  reported  a  43%  reduction  in  the  incidence 
of  microalbuminuria.  The  success  of  intensive  insulin 
therapy  for  the  treatment  of  diabetes  was  confirmed 
by  a  follow-up  study  showing  persistent  long-term 
reduction  in  the  incidence  of  T1DN  (70). 

Compliance  with  the  intensive  insulin  therapy 
regime  2  yr  after  conclusion  of  the  study  indicated 
that  95%  of  the  intensive  therapy  group  reported 
following  intensive  therapy  regime  and  70%  of  the 
conventional  treatment  group  now  reported  following 
intensive  therapy  regime.  This  means  that  30%  of  the 
conventional  treatment  patients  failed  to  adopt 
intensive  therapy  despite  knowledge  of  the  results. 


Comparison  of  HbAlC  levels  after  2  yr  post-DCCT 
indicated  that  the  intensive  therapy  group  experienced 
HbAlC  levels  of  7.2%  during  DCCT  and  7.9%  2  yr 
after  conclusion  of  the  trial.  Of  these  patients,  46% 
continued  to  monitor  blood  glucose  four  or  more 
times  a  day.  Patients  from  the  conventional  treatment 
group  who  converted  to  intensive  therapy  demon¬ 
strated  HbAlC  levels  of  8.1%  post-DCCT.  Of  these 
patients,  36%  reported  monitoring  blood  glucose  four 
or  more  times  a  day.  The  benefits  of  intensive  therapy 
5  yr  post-DCCT  were  disappointing  in  that  both 
cohorts  reported  average  HbAlC  levels  exceeding  8%. 
One  conclusion  of  the  study  is  that  in  the  absence  of 
a  strong  research  motivation  and  monthly  visits  with 
a  health  care  provider,  the  degree  of  intensive 
treatment  shown  in  the  DCCT  was  not  maintained. 
Moreover,  the  availability  of  health  insurance  corre¬ 
sponded  to  success  as  measured  by  reduction  of 
HbAlC  levels.  Patients  receiving  intensive  therapy 
5  yr  post-DCCT  without  health  insurance  maintained 
an  average  HbAlC  of  8.6%,  while  patients  with  health 
insurance  maintained  an  average  HbAlC  of  8.1%. 

Unfortunately,  patients  participating  in  intensive 
insulin  therapy  treatments  for  diabetes  are  more  likely 
to  experience  severe  adverse  effects  resulting  from 
frequent  injections  of  insulin.  Severe  hypoglycemic 
events  occurred  nearly  threefold  more  often  in  patients 
enrolled  in  the  intensive  therapy  regime  and  were 
characterized  as  requiring  assistance  of  another  person. 
This  precluded  the  enrollment  of  children  into  the 
study.  Severe  hypoglycemic  episodes  occurred  in  25% 
of  the  total  number  of  reported  cases  of  hypoglycemia 
and  were  manifested  by  coma  or  convulsions.  Of  the 
adult  patients  receiving  intensive  insulin  therapy,  22% 
experienced  at  least  five  episodes  of  severe  hypoglyce¬ 
mia  vs.  4%  of  conventionally  treated  subjects.  Life- 
threatening  complications  of  hypoglycemia  are  not 
uncommon,  limiting  the  availability  of  intensive  insulin 
therapy  as  a  means  to  prevent  onset  of  DN. 

Hypertension 

High  blood  pressure  is  prevalent  in  families  in  which 
T1DN  is  present  compared  with  T1D  families  without 
DN  (43).  Hypertension-associated  microalbuminuria 
is  a  predictive  indicator  of  overt  nephropathy  in 
T1D  patients  (71).  While  normalization  of  blood 
glucose  levels  has  been  linked  to  healing  of  microvas- 
cular  lesions  in  the  kidney,  treatment  of  hypertension 
has  resulted  in  improved  renal  outcome  by  preventing 
glomerular  damage.  Clinical  studies  have  indicated 
a  decline  in  the  incidence  of  nephropathy  in  T1D 
patients  (72-74).  However,  many  T1D  subjects  only 
attain  HbAlC  levels  of  8.5%  well  in  excess  of  the 
recommended  levels  of  blood  glucose.  Regression  of 
microalbuminuria  has  been  observed  upon  blood 
pressure  control,  and  remission  of  overt  nephropathy 
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has  been  observed  in  T1D  patients  treated  for 
hypertension  (5,  75). 

There  is  an  exponential  impact  from  hypertension 
on  increasing  risk  for  renal  disease  (76).  Maintaining 
a  sustained  reduction  in  blood  pressure  is  the  single 
most  influential  intervention  for  reducing  progression 
of  nephropathy  in  T1D  as  well  as  T2D  patients. 
Studies  of  initially  normotensive  T2D  subjects  without 
renal  disease  who  subsequently  developed  and  were 
treated  for  hypertension  indicated  that  patients  with 
blood  pressure  less  than  130/80  mm  Hg  rarely 
developed  nephropathy.  In  contrast,  diabetic  patients 
with  blood  pressure  in  the  range  of  130/80  to  140/ 
90  mm  Hg  exhibit  a  significant  decline  in  GFR 
coincident  with  30%  of  patients  progressing  to  micro¬ 
albuminuria  within  12-15  yr  (77).  Improvements 
in  blood  pressure  treatment  and  glycemic  control 
along  with  decreased  incidence  of  smoking  lead  to 
improved  outcomes  for  T ID  patients. 

The  kidney  structures  implicated  in  the 
pathogenesis  of  the  disease 

The  glomerular  filtration  barrier  in  T1DN 

A  thorough  understanding  of  the  molecular  properties 
of  the  glomerular  filtration  barrier  (GFB)  is  crucial  to 
comprehension  of  the  pathology  of  proteinuria 
encountered  in  T1DN.  Structurally,  the  GFB  is 
composed  of  three  layers  that  mediate  the  process  of 
ultrafiltration  of  blood  flowing  through  anastomosing 
capillary  loops  leading  to  the  formation  of  the  primary 
urine  in  the  Bowman’s  capsule  and  finally  into  the 
tubular  system  (Fig.  1).  The  first  layer  is  a  highly 
fenestrated  vascular  endothelium  that  covers  the  wall 
of  the  capillaries.  It  has  been  suggested  that  a  protein 

See  enlargement 

Podocyte  Foot  process  in  Fig.2 


i  i  i 
♦  ♦  ♦ 

Pre-urine 

Fig.  1.  The  GFB.  Ultrafiltration  occurs  when  the  blood  flows 
through  the  glomerular  capillaries.  The  GFB  comprises  the 
fenestrated  endothelial  cell  layer  (red)  and  the  glomerular  capillary 
basement  membrane  (gray).  The  podocytes  (yellow)  loop  to  the 
capillaries  with  their  pedicules  or  foot  processes.  A  protein  complex 
forming  the  slit  diaphragm  covers  the  space  between  the  podocytes 
processes.  GFB,  glomerular  filtration  barrier. 

Pediatric  Diabetes  2007:  8:  307-322 


filtration  role  of  the  endothelium  may  be  critical  to 
proper  kidney  function  because  of  the  barrier  prop¬ 
erties  of  glycocalyx  coating  of  the  endothelial  cells  and 
filling  in  of  the  intracellular  space  (78).  The  second 
layer  is  the  GBM,  forming  the  boundary  between 
blood  and  urine  primarily  composed  of  an  intercon¬ 
necting  network  of  type  IV  collagen  (alpha- 1  and  -2 
during  fetal  development  and  alpha-3,  -4,  and  -5  in  the 
adult)  and  laminin- 1  (consisting  of  alpha- 1  /beta- 1/ 
gamma- 1  chains  in  the  fetus)  and  laminin- 11  (consist¬ 
ing  of  alpha-5/beta-2/gamma-l  chains  in  the  adult). 
The  third  layer  is  composed  of  highly  specialized  cells, 
the  podocytes  whose  cytoplasm  extends  into  interdig- 
itating  pedicles  or  foot  processes.  The  area  between 
the  podocyte  foot  processes  is  the  slit  diaphragm 
composed  of  a  number  of  cell  surface  proteins 
including  nephrin,  neph  1,  and  P-cadherin.  Under¬ 
standing  GFB  function  has  centered  on  the  role  of  the 
slit  diaphragm  formed  by  these  proteins,  serving  as  the 
ultimate  layer  ensuring  that  large  macromolecules 
such  as  serum  albumin  and  gamma  globulin  remain  in 
the  bloodstream  while  allowing  small  molecules  such 
as  water,  glucose,  and  ionic  salts  to  pass  through  (79). 

The  genesis  of  albuminuria  is  consistent  with 
generalized  vascular  dysfunction,  alterations  in  extra¬ 
cellular  matrix  components,  and  impaired  basement 
membrane  organization  resulting  from  hyperglycemia 
(80).  Increasing  consideration  has  been  given  to  the 
GFB  and  its  central  role  in  the  filtration  of  plasma 
proteins.  High-molecular- weight  tracer  molecules 
have  been  used  to  investigate  the  molecular  sieving 
properties  of  the  GFB.  Ferritin  has  an  estimated 
Stokes  radius  (SR)  of  61  A  and  when  injected  into 
healthy  rats  failed  to  pass  through  the  GBM  (81).  In 
puromycin  aminonucleoside-induced  nephrosis  mod¬ 
els,  which  induce  glomerular  injury  evidenced  by 
flattening  of  podocyte  foot  processes,  ferritin  is  only 
partially  retained  (82).  Smaller  proteins  have  also  been 
used  to  examine  the  selective  permeability  of  the 
GBM.  For  example,  horseradish  peroxidase  (SR  =  30 
A)  has  been  observed  to  pass  through  both  the  GBM 
and  slit  diaphragm,  while  myeloperoxidase  (SR  =  36 
A)  and  catalase  (SR  =  52  A)  are  GBM  permeable 
but  are  captured  by  the  slit  diaphragm  prior  to 
entering  the  urine,  consistent  with  the  hypothesis  that 
for  large  proteins,  GBM  selectivity  is  the  primary 
barrier  separating  the  blood  and  urine  space  (79). 

Genetic  polymorphisms  of  extracellular  matrix  pro¬ 
teins  as  well  as  enzymes  involved  in  their  metabolism 
have  been  suggested  as  possible  explanations  for  the 
variation  in  susceptibility  to  kidney  disease  observed  in 
T1D  patients  (80,  83).  Type  IV  collagens  are  a  principal 
component  of  basement  membranes  (84).  In  the  adult 
glomerulus,  collagens  encoded  by  the  COL4A3, 
COL4A4,  and  COL4A5  loci  replace  the  fetal  collagens 
COL4A1  and  COL4A2  (85).  Absence  of  the  adult 
forms  of  collagen  has  been  associated  with  proteinuria 
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because  of  Alport  syndrome,  a  genetically  determined 
disease  characterized  by  heavy  proteinuria.  In  these 
patients,  the  pathology  is  sustained  by  an  abnormal 
basement  membrane  because  of  defects  and/or  absence 
of  adult  type  IV  collagens  (86,  87). 

SNPs  associated  with  fetal  expressed  collagen 
COL4A1  have  also  been  linked  with  susceptibility  to 
nephropathy.  GBM  abnormalities  characterized  by 
irregularities  in  the  parietal  epithelium  lining  Bow¬ 
man’s  capsule  have  been  observed  in  heterozygous 
mice  containing  a  single  nucleotide  mutation  in 
COL4A1,  resulting  in  a  Gly627Trp  amino  acid 
substitution  in  exon  26  (83)  as  well  as  mice  harboring 
a  G  to  A  polymorphism  in  a  COL4A1 -encoded  splice 
site  resulting  in  loss  of  exon  40  from  the  mRNA 
transcript  (88).  Loss  of  COL4A1  exon  40  has  been 
linked  to  nearly  100%  prevalence  of  albuminuria  in 
animals  by  the  time  they  reach  2  yr  of  age  (89).  In 
humans,  mutations  affecting  GBM  structure  have 
been  linked  with  hereditary  risk  of  nephropathy  (89, 
90).  While  deletion  of  COL4A1  is  lethal,  mice  die  by 
embryonic  day  9.5  (83),  and  heterozygous  individuals 
may  survive  to  adulthood  carrying  increased  risk  of 
microvascular  complications  as  a  result  of  altered 
basement  membrane  structure  occurring  during  early 
development  and  organogenesis. 

The  third  layer  and  ultimate  barrier  for 
plasma  protein  ultrafiltration  is  the  slit 
diaphragm  of  the  podocytes 

Podocytes,  highly  specialized  epithelial  cells,  lie  on  the 
outer  surface  of  GBM  to  which  they  affix  by  cell 
surface  adhesion  proteins  such  as  the  alpha-3  beta-1 


integrin  and  dystroglycan  (91,  92).  The  podocyte  foot 
process  (polipoid  extraflections)  cover  the  outer  layer 
of  the  GBM.  The  intrapodocyte  connections  are 
typified  by  narrow  spaces  (3CM10  nm)  covered  by 
a  porous  membrane  known  as  the  slit  diaphragm 
(Fig.  2).  The  slit-diaphragm  protein  complex  is  an 
adherens-type  junction  and  presents  a  dense  zipper¬ 
like  structure  composed  of  the  extracellular  compo¬ 
nents  of  nephrin,  neph  1,  P-cadherin  and  FAT  tumor 
suppressor  homolog  1  (FAT  1)  (93,  94).  Podocin  and 
CD2-associated  protein  (CD2AP)  are  localized  in  the 
intercellular  compartment  and  interact  with  the 
extracellular  components  of  the  slit  diaphragm 
anchoring  the  cytoplasm  domain  of  nephrin  to 
cholesterol-rich  regions  of  the  plasma  membrane  and 
to  the  actin  filament  structure  of  the  podocyte 
cytoskeleton  (79,  95).  The  protein  zona  occludens-1 
is  located  at  the  neph  1  insertion  site  of  the  slit 
diaphragm  interacting  with  the  cytoskeleton  as  well  as 
other  components  of  the  cell-cell  junction.  Recent 
findings  have  demonstrated  the  role  of  the  slit- 
diaphragm  adapter  protein  NCK  (96).  NCK  binds 
the  cytoplasmatic  tail  of  nephrin  and  following 
a  phosphorylation  signal  leads  to  cytoskeletal  reor¬ 
ganization.  This  finding  provides  evidence  that  the 
central  role  of  the  cytoplasmatic  region  of  the  nephrin/ 
NCK  complex  is  to  act  in  a  signaling  transduction 
capacity,  transmitting  antiapoptotic  signals  (via  Akt, 
a  serine-threonine  kinase)  (96),  promoting  remodeling 
of  the  cytoskeletal  structure  that  drive  formation  of 
the  actin-based  foot  processes  of  the  podocyte. 

The  key  role  of  the  slit-diaphragm  components  in 
maintaining  correct  permeability  function  of  the  GFB 
is  underscored  by  the  results  obtained  from  animal 
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Fig.  2.  Schematic  view  of  the  molecular  anatomy  of  two  podocyte  foot  processes  (yellow)  with  the  interposed  slit-diaphragm  complex. 
Interference  with  proteins  that  structurally  sustain  the  slit  diaphragm  (e.g.,  CD2AP,  nephrin,  and  podocin)  can  cause  foot  process  effacement 
resulting  in  proteinuria.  Filtrate  from  the  bloodstream  passes  through  the  glycocalyx-filled  fenestrae  located  between  endothelial  cells  lining 
the  GBM.  The  filtrate  then  flows  through  the  GBM  as  well  as  the  slit  diaphragm  and  into  the  Bowman’s  space.  The  image  is  modified  and 
adapted  from  Vincenti  and  Ghiggeri  (151)  and  Johnstone  and  Holzman  (152).  CD2AP,  CD2-associated  protein;  FAT  1,  FAT  tumor 
suppressor  homolog  1;  GBM,  glomerular  basement  membrane,  NCK,  NCK  adaptor  protein  1;  ZO-1,  zona  occludens-1. 
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models  and  human  findings.  Mutation  in  genes 
encoding  nephrin,  podocin,  and  a-actinin  proteins 
leads  to  severe  hereditary  forms  of  nephrotic  syn¬ 
drome  in  humans  (97,  98).  Mice  lacking  CD2AP  (99) 
develop  nephrotic  syndrome,  and  mutations  in 
CD2AP  were  found  in  two  human  patients  with  focal 
segmental  glomerulosclerosis.  NCK-deficent  animals 
fail  in  the  formation  of  podocyte  foot  processes  (96). 

Progress  in  elucidating  podocyte  biology  and 
signaling  have  shown  that  the  complex  of  proteins 
composing  the  slit  diaphragm  is  critical  to  maintaining 
podocyte  architecture  as  well  as  supporting  the  overall 
function  of  the  glomerular  filter  of  the  kidney.  For 
T1D,  as  well  as  T2D,  nephropathy,  there  are  reports 
of  a  reduced  number  and  density  of  the  podocytes 
and  an  increase  in  foot  process  width  (100-105). 
Steffes  et  al.  (102)  has  reported  loss  of  podocytes 
occurring  early  in  T1D,  while  other  authors  detected 
the  loss  of  podocytes  continuing  later  in  disease  pro¬ 
gression  (104).  The  loss  of  podocytes  from  the  glo¬ 
merular  space  has  been  correlated  with  increased 
albumin  excretion. 

A  loss  of  nephrin  along  with  the  onset  of  micro¬ 
albuminuria  occurs  in  early  stages  of  DN  in  T1D 
patients  (106).  The  loss  of  nephrin  was  detected  even 
before  the  appearance  of  microalbuminuria,  suggest¬ 
ing  that  damage  to  the  slit  diaphragm  may  occur  early 
in  disease  pathogenesis.  Other  studies  confirmed 
reduction  of  nephrin  and  other  slit-diaphragm  pro¬ 
teins  in  the  glomeruli  of  patients  with  both  T1D  and 
T2D  nephropathies  (107-109).  Koop  et  al.  (108) 
reported  on  DN  in  six  patients,  observing  statistically 
significant  decrease  in  protein  level  of  nephrin  along 
with  reduced  expression  of  podocin  and  podocalyxin. 
Nephrin  mRNA  expression  inversely  correlated  with 
increasing  severity  of  proteinuria  (108). 


The  tubular  system 

T1DN  is  often  considered  a  glomerular  disease; 
however,  progression  to  end-stage  organ  failure  also 
correlates  with  increased  level  of  renal  tubulointer¬ 
stitial  fibrosis  (110,  111).  Changes  occurring  in  the 
renal  tubular  system  have  been  implicated  as  a  primary 
contributor  to  the  process  of  renal  cortex  fibrosis 
observed  in  DN  (112).  Increased  fibrosis  correlates 
with  macroalbuminuria,  nephron  tubular  cell  injury, 
induction  of  apoptosis,  and  hypertension  (110,  111, 
113-117). 

Renal  tubular  system  epithelial  cells  and  interstitial 
tissue  undergo  changes  during  progression  of  T1DN. 
These  include  tubulointerstitium  alterations,  tubular 
hypertrophy,  and  basement  membrane  alterations 
that  precede  tubulointerstitial  fibrosis.  Tubular  cell 
hypertrophy  is  an  early  feature  of  T1DN.  Exposure  of 
proximal  tubular  epithelial  cells  to  hyperglycemia 


occurs  as  a  result  of  glycosuria  as  well  as  from  high 
glucose  concentration  present  in  interstitial  tissue. 
Cellular  response  to  elevated  glucose  includes  increased 
tubular  basement  membrane  thickening  as  a  result  of 
increased  synthesis  of  type  IV  collagen  and  fibronectin 
as  well  as  altered  matrix  protein  metabolism  as  a  result 
of  increased  expression  of  metalloproteinase  inhibitors 
tissue  inhibitor  of  metalloproteinase  (TIMP)-l  and 
TIMP-2  (114,  115,  118).  Changes  to  the  tubulointer¬ 
stitium  co-occur  along  with  changes  to  the  glomeru¬ 
lus.  Poor  filtration  of  the  primary  urine  may  lead  to 
presentation  of  cytotoxic  compounds  to  the  nephron 
tubular  cells.  Combining  the  deleterious  affects  of 
glycosuria  with  exposure  to  cytokines  may  stimulate 
cellular  responses  leading  to  organ  failure. 

Primary  filtration  of  urine  occurs  at  the  slit 
diaphragm  of  the  GFB  (45);  however,  glucose  and 
sodium  ions  are  freely  filtered.  Glucose  is  entirely 
reabsorbed  in  the  proximal  tubule  by  a  sodium- 
glucose  cotransport  system.  Recovery  of  greater  than 
99%  of  filtered  sodium  ion  occurs  within  the  nephron 
via  the  action  of  specialized  epithelial  cells  lining  the 
renal  tubular  system  proximal  tubule  (responsible  for 
50%  sodium  absorption),  thick  ascending  loop  of 
Henle  (30-40%  sodium  absorption),  distal  convoluted 
tubule  (5%  sodium  absorption),  and  the  collection 
duct  (4%  sodium  absorption)  (Fig.  3).  Sodium  reup¬ 
take  by  the  distal  convoluted  tubule  and  collection 
duct  account  of  a  small  percentage  of  total  salt 
reabsorption  but  are  the  principal  sites  at  which  net 
salt  balance  is  determined  (119).  A  widely  held  model 
for  explaining  the  role  of  the  kidney  in  blood  pressure 


Glomerulus 


Fig.  3.  A  schematic  view  of  sodium  reabsortion  along  the  nephron. 
Urine  is  processed  via  the  PCT,  TAL,  and  DCT.  The  juxtaglo¬ 
merular  apparatus  comprises  the  macula  densa  cells,  which 
represent  specialized  tubular  cells  at  the  end  of  the  thick  ascending 
limb,  comprising  cells  from  the  extraglomerular  mesangium, 
vascular  smooth  muscle  cells,  and  renin-secreting  cells  in  the  media 
of  the  afferent  glomerular  arteriole.  DCT,  distal  convoluting  tubule; 
PCT,  proximal  convoluting  tubule;  TAL,  thick  ascending  limb. 
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control  is  through  its  role  balancing  sodium  excretion 
and  recovery.  Hypertension  results  from  impaired 
blood  pressure  control  and  correlates  with  changes  in 
the  kidney  that  lead  to  impaired  renal  function,  i.e., 
inability  to  maintain  sodium  ion  homeostasis. 

Increased  kidney  mass  is  an  early  feature  of  DN 
(120)  with  expansion  of  the  proximal  tubular  cells 
accounting  for  most  of  the  growth  (121,  122).  Along 
with  tubular  cell  expansion  there  is  increased  sodium 
recovery.  Vallon  et  al.  (123)  have  suggested  a  model  in 
which  increased  sodium  recovery  by  the  proximal 
convoluted  tubule  causes  glomerular  hyperfiltration, 
leading  to  nephropathy.  The  primary  increase  in 
proximal  tubular  reabsorption  in  early  diabetes  may 
be  because  of  proximal  tubular  reabsorption  through 
enhanced  sodium-glucose  cotransport.  Studies  on 
patients  with  T1DN  have  indicated  increased  sodium 
recovery  occurring  primarily  within  nephron  tubular 
segments  upstream  from  the  macula  densa  in  the 
distal  convoluted  tubule  (124,  125)  and  have  indicated 
that  there  is  increased  tubular  recovery  of  sodium  ions 
occurring  in  patients  with  early- stage  T1D. 

The  juxtaglomerular  apparatus  comprises  different 
structures  in  functional  and  structural  link:  cells  of  the 
extraglomerular  mesangium,  which  fill  the  angle 
between  the  afferent  and  the  efferent  glomerular 
arteriole;  vascular  smooth  muscle  cells  and  renin- 
secreting  cells  in  the  media  of  the  afferent  glomerular 
arteriole;  and  the  macula  densa.  The  macula  densa  is 
an  area  of  specialized  cells  lining  the  region  of  the 
distal  convoluted  tubule  next  to  the  glomerular 
vascular  pole.  These  cells  are  sensitive  to  the  ionic 
content  and  water  volume  of  the  fluid  in  the  distal 
convoluting  tubule.  An  increase  or  decrease  in 
sodium,  chloride,  and  potassium  uptake  elicits  inverse 
changes  in  the  single-nephron  GFR  by  altering  the 
vascular  tone,  predominantly  of  the  afferent  arteriole. 
The  mechanism  serves  to  establish  an  appropriate 
balance  between  GFR  and  tubular  reabsorption 
upstream  from  the  macula  densa.  As  the  proximal 
tubule  grows,  more  of  the  glomerular  filtrate  sodium 
is  reabsorbed  and  less  reaches  the  macula  densa  at  the 
end  of  Henle’s  loop  causing  GFR  to  increase  through 
the  normal  physiologic  actions. 

The  link  between  increased  tubular  sodium  recovery 
and  diabetic  kidney  disease  is  echoed  in  observations 
obtained  from  studies  involving  hyperfiltering  T1D 
patients  in  which  there  is  reported  a  positive  correla¬ 
tion  between  GFR  and  sodium  recovery  in  the 
proximal  tubular  region  of  the  nephron  (125). 
Examination  of  T1D  patients  have  indicated  that 
hyperfiltration  by  the  nephron  may  continue  even 
once  blood  glucose  levels  are  controlled  by  intensive 
insulin  therapy  (126-128)  and  may  continue  to 
progress  independent  of  glucose  control  as  a  result 
of  persisting  enlargement  of  the  nephron  tubular 
compartment. 
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Pathways  leading  to  fibrogenesis 

The  interplay  between  glomerular  hypertension  and 
hyperglycemia  may  be  linked  to  the  pathological 
changes  seen  in  T1DN.  In  non-diabetic  individuals, 
glomeruli  are  protected  from  deleterious  effects 
associated  with  essential  hypertension  by  interacting 
autoregulatory  mechanisms  (129).  Increased  blood 
pressure  is  associated  with  increased  preglomerular 
resistance  thus  isolating  glomerular  capillaries  from 
potential  damage.  However,  the  ability  to  regulate 
glomerular  blood  flow  is  impaired  when  significant 
ablation  of  renal  mass  occurs,  resulting  in  increased 
single-nephron  GFR.  Carmines  et  al.  (130)  demon¬ 
strated  that  regulatory  mechanisms  are  damaged  by 
hyperglycemia-induced  inhibition  of  voltage-gated 
calcium  channels.  Endothelial  cell  injury  as  a  result 
of  hypertensive  glomerular  damage  may  be  responsi¬ 
ble  for  initiating  glomerulosclerosis,  with  the  process 
involving  increased  expression  of  transforming  growth 
factor  (TGF)-beta  and  extracellular  matrix  proteins 
(131).  The  accumulation  of  excess  extracellular  matrix 
within  the  glomerulus  and  the  interstitium  is  associ¬ 
ated,  at  least  in  part,  with  the  profibrotic  cytokine, 
TGF-P  (132-134). 

The  observation  that  conditions  characterized  by 
a  severe  but  relatively  selective  albuminuria,  such  as 
minimal  change  nephropathy,  do  not  initiate  intersti¬ 
tial  fibrosis  led  to  the  study  of  the  role  of  higher 
molecular  weight  ultrafiltrated  proteins  in  DN.  Ultra- 
filtrated  growth  factors,  such  as  insulin-like  growth 
factor  1  (IGF-1),  hepatocyte  growth  factor  (HGF), 
and  TGF-P,  may  have  a  direct  effect  on  the  nephron 
tubular  epithelial  cells  by  inducing  transcription  of 
genes  with  profibrogenic  effects,  whereas  other 
cytokines  such  as  bone  morphogenic  protein  7 
(BMP-7)  act  as  inhibitors  of  these  pathways  (135) 
(Fig.  4).  The  importance  of  HGF/IGF-1  action  is 
underscored  by  the  demonstration  of  a  direct  effect  of 
these  hormones  on  renal  hypertrophy,  microalbumi¬ 
nuria,  and  glomerulosclerosis  (136)  and  that  increased 
excretion  rate  of  both  urinary  IGF-1  and  urinary 
HGF  strongly  correlate  with  microalbuminuria  and 
kidney  volume  in  T1D  patients  (137). 

Pathophysiological  mechanisms  leading  to  sclerosis 
may  be  related  to  simultaneous  exposure  to  proscler- 
otic  cytokines  in  glomeruli  and  tubulointerstitium  as 
well  as  tubulotoxicity  caused  by  protein  contents  in 
filtrate  overloading  the  proximal  tubule’s  absorption 
ability.  Proteinuria  is  proposed  to  be  more  than 
a  highly  reliable  predictive  factor  having  a  causal  role 
during  disease  progression  (138).  Ultrafiltrated  pro¬ 
teins  undergo  endocytosis  by  the  proximal  tubular 
cells,  resulting  in  a  cytotoxic  effect  directly  leading  to 
tubular  damage.  The  interaction  of  filtrated  protein 
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Glomerular  filtration  barrier 


Fig.  4.  Interstitial  fibrogenesis.  When  glomerular  proteinuria  oc¬ 
curs,  excess  filtrated  proteins  undergo  endocytosis  by  the  PTC  (in 
blue),  resulting  in  cytotoxic  effects  and  tubular  damage  (red  PTC). 
Ultrafiltrated  growth  factor  cytokines  (IGF-1,  TGF-P,  and  HGF) 
activate  a  number  of  genes,  enabling  PTC  to  directly  contribute  to 
interstitial  fibrosis  by  producing  ECM  proteins.  Tubular  cell 
interaction  with  growth  factor  cytokines  elicited  production  of 
other  cytokine  signals  (PDGF  and  CTGF)  able  to  induce  ECM 
production  by  interstitial  cells.  Other  signals  such  as  BMP-7  act  as 
inhibitors  of  these  pathways.  BMP-7,  bone  morphogenic  protein  7; 
CTGF,  connective  tissue  growth  factor;  ECM,  extracellular  matrix; 
HGF,  hepatocyte  growth  factor;  IGF-1,  insulin-like  growth  factor 
1;  PDGF,  platelet-derived  growth  factor;  PTC,  proximal  tubular 
cells;  TGF-P,  tissue  growth  factor-beta. 

with  proximal  tubular  cells  could  be  one  of  the 
initiating  signals  enabling  a  cascade  of  events  leading 
to  changes  in  extracellular  matrix  composition  and 
eventually  to  interstitial  fibrogenesis. 

Candidate  genes  and  their  pathways 

Studies  of  candidate  genes  for  T1DN  have  focused  on 
genes  controlling  the  balance  between  extracellular 
matrix  protein  synthesis  and  degradation,  glucose 
metabolism,  as  well  as  those  whose  products  control 
the  interaction  between  kidney  function  and  blood 
pressure  control.  Genes  influencing  the  activity  of 
growth  factors,  protein  kinase  C  activation,  hormones 
regulating  blood  pressure,  accumulation  of  advanced 
glycosylation  end  products,  aldose  reductase  pathway 
flux,  and  altered  glucose  transport  have  each  been 
extensively  evaluated.  The  roles  of  hypertension 
candidate  genes  have  also  been  studied,  although 
most  of  the  work  has  focused  on  the  renin-angioten¬ 
sin  system  (RAS). 

Candidate  gene  studies  have  evaluated  both  func¬ 
tional  (i.e.,  nonsynonymous  codons)  and  allelic  mark¬ 
ers  linked  statistically  for  their  influence  on  T1DN. 
However,  this  approach  has  as  yet  to  convincingly 
identify  risk  factors  when  replicated  in  independent 
cohorts  (139).  The  failure  to  replicate  first-stage  re¬ 
sults  from  carefully  controlled  genetic  studies  possibly 
reflects  the  confounding  influence  of  environmental 


factors  on  statistical  power  to  detect  a  true  positive 
signal.  Strategies  for  the  selection  of  candidate  genes 
are  improved  by  consideration  of  linkage  scans  along 
with  relevant  biologic  information  about  the  impli¬ 
cated  loci.  For  example,  chromosome  3q  has  been 
identified  in  multiple  linkage  studies  for  T1DN  (48, 
140).  This  region  of  the  genome  has  also  been 
identified  in  studies  of  T2DN  in  Pima  Indians  (141) 
and  in  African-American  families  (142).  Other  chro¬ 
mosomal  regions  have  also  been  identified  by  linkage 
analysis  to  T1DN,  but  chromosome  3q  is  strongly 
implicated  in  hypertension  (48)  and  hypertension  is 
frequently  found  to  co-occur  with  T1DN.  A  number 
of  candidate  genes  are  contained  within  the  region  of 
chromosome  3q  implicated  in  these  studies  (Tables  3 
and  4).  However,  one  of  the  possible  candidates,  the 
succinate  receptor  (SUCNR1),  has  been  linked  with 
carbohydrate  catabolism  and  with  control  of  blood 
pressure.  He  et  al.  (143)  reported  that  the  orphan 
G-protein-coupled  receptor  encoded  by  the  SUCNR1 
locus  detected  succinate,  which  is  a  metabolic  inter¬ 
mediate  produced  by  the  tricarboxylic  acid  (TCA) 
cycle  during  respiration,  and  increased  succinate  levels 
were  causal  for  increased  blood  pressure  in  mice.  In 
diabetic  patients,  it  is  possible  that  local  mismatch 
of  energy  supply  and  demand,  altered  metabolism 
of  TCA-cycle  intermediates,  or  injury  may  lead  to 
mitochondrial  dysfunction  and  the  release  of  succinate 
into  circulation.  Succinate  molecules  activate  recep¬ 
tors  in  the  kidney,  causing  the  release  of  renin  and 
activation  of  the  RAS.  The  RAS  leads  to  an  increase 
in  blood  pressure  and  altered  local  blood  flow.  In 
healthy  individuals,  this  system  might  act  to  regulate 
local  blood  flow  to  match  metabolic  demands. 
However,  in  diabetic  patients  with  impaired  metabolic 
control,  it  might  also  result  in  hypertension  or  altered 
cellular  function  and  may  contribute  to  renin-medi¬ 
ated  constriction  of  the  renal  artery  (144). 

Many  other  candidate  genes  have  been  examined 
during  genetic  evaluation  of  T1DN.  For  example, 
Ewens  et  al.  (90)  investigated  110  candidate  genes  by 
transmission/disequilibrium  testing  (TDT)  (145)  using 
72  family  trios  of  which  the  offspring  experienced 
T1DN.  Genes  were  chosen  based  on  the  results  of 
previous  studies  associating  various  regions  of  the 
human  genome  to  the  phenotype  of  T1DN  and  have 
implicated  proteins  expressed  within  the  GFB.  Extra¬ 
cellular  matrix  proteins  encoded  by  the  loci  COL4A1, 
LAMA4,  and  LAMC1  comprise  important  compo¬ 
nents  of  GBM  forming  the  blood-urine  barrier  in  the 
kidney.  Genetic  variants  linked  to  different  alleles  of 
the  COL4A1  locus  have  been  studied  by  TDT  sta¬ 
tistical  analysis  supporting  the  hypothesis  for  genetic 
linkage  of  COL4A1  (p  value  =  0.0002)  to  the  ne¬ 
phropathy  phenotype  along  with  additional  linkage  to 
the  laminin-encoding  loci,  LAMA4  (p  value,  0.016) 
and  LAMC1  (p  value,  0.026)  (90). 
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Concluding  remarks 

The  goal  of  reducing  the  incidence  of  T1D  complica¬ 
tions  has  been  intensively  investigated.  T1DN  is  the 
principal  etiology  leading  to  ESRD.  The  molecular 
mechanism(s)  underlying  the  disease  involve  an  inter¬ 
play  between  genes  and  gene-environmental  exposures. 
Improved  understanding  of  the  disease  pathogenesis 
will  lead  to  better  identification  of  those  at  risk  and  by 
doing  so  lead  to  improved  treatment  regimens. 

The  evidence  for  a  dominant  genetic  role  in 
determining  susceptibility  to  kidney  disease  in  T1D 
patients  is  primarily  the  result  of  epidemiological 
studies  indicating  that  prevalence  of  DN  increased 
during  the  first  15  yr  after  onset  of  T1D.  After  20  yr 
duration  of  diabetes,  the  incidence  of  new  cases  of 
nephropathy  among  T1D  patients  plateaus  and  in  fact 
may  decrease  (3,  19,  20).  These  observations  have  fre¬ 
quently  been  interpreted  as  indicating  that  there  exists 
a  subset  of  patients  susceptible  to  develop  kidney 
disease.  Additional  evidence  for  genetic  risk  has  been 
obtained  from  family  studies,  showing  the  clustering 
of  DN  among  T1D  siblings  (21-24).  Siblings  experi¬ 
encing  T1D  have  a  significantly  increased  risk  for  DN 
when  the  T1D  proband  experiences  the  disease. 
Interpretation  of  the  data  generated  from  genetic 
analysis  of  T1DN  is  complicated  by  the  possibility 
that  signals  are  related  to  coincident  diseases  (e.g., 
hypertension)  as  well  as  environmental  exposures  such 
as  smoking.  In  order  to  interpret  these  results,  it  is 
necessary  to  compare  the  results  of  genetic  testing  of 
control  populations  as  well  as  replication  of  the  results 
in  independently  recruited  case  cohorts. 

Replication  of  genome-wide  linkage  and  candidate 
gene  studies  for  T1DN  have  been  limited  by  lack  of 
adequate  sample  size.  Recruitment  of  large  indepen¬ 
dent  cohorts  for  T1DN  genetic  analysis  is  required  to 
attain  statistical  power  to  detect  true  genetic  signals. 
Several  initiatives  are  ongoing  to  address  this  issue. 
The  most  recent  of  these  studies  is  the  genetics  of 
kidneys  in  diabetes  (GoKinD),  which  has  provided 
a  collection  of  DNA  samples  and  relevant  clinical 
information  from  greater  than  3000  study  participants 
(146).  A  genome- wide  association  study  of  the 
GoKinD  cohort  has  recently  been  funded  as  part  of 
the  Genetic  Association  Information  Network’s  col¬ 
laborative  effort  to  evaluate  genes  in  complex  diseases 
(http://www.fnih.org/GAIN/GAIN_home.shtml).  The 
initial  results  of  a  500  000  SNP  genome-wide  associ¬ 
ation  scan  based  on  the  GoKinD  cohort  is  due  in  the 
fall  of  2007.  Collection  of  additional  cohorts  is 
ongoing  at  a  number  of  institutions  investigating 
T1DN  genetic  risk.  Careful  collection  practices  cen¬ 
tered  on  recording  relevant  health  history  of  partic¬ 
ipants  are  essential  for  success.  Knowledge  of  patient 
environmental  exposures  (e.g.,  history  of  hypertension, 
use  of  anti-hypertensive  medications,  and  smoking)  are 
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as  essential  as  recording  T1D  history  and  will  greatly 
aid  in  stratification  of  populations  when  comparing 
participants  recruited  at  different  centers. 
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Despite  its  chronic  autoimmune  progression,  type  1  diabetes  mellitus  (T1DM)  offers  a  number 
of  windows  of  opportunity  through  which  immunotherapy  may  be  usefully  applied  to  delay 
and  possibly  halt  the  autoimmune  processes.  Of  even  more  importance  is  the  recent 
accomplishment  of  disease  reversal,  allowing  patients  to  return  to  reduced  exogenous  insulin 
requirements,  or  to  obviate  them  altogether.  As  in  almost  all  cell-specific  inflammatory 
processes,  dendritic  cells  are  prominent,  if  not  central,  regulators  of  the  onset  and  progression 
of  the  inflammation  in  T1DM.  This  realization,  along  with  accumulating  data  confirming  a 
role  for  dendritic  cells  (DC)  in  maintaining  and  inducing  tolerance  in  multiple  therapeutic 
settings,  has  prompted  a  line  of  investigation  seeking  to  identify  the  most  effective 
embodiments  of  dendritic  cells  for  diabetes  immunotherapy.  Herein,  we  provide  an  overview 
of  where  DC  lie  in  the  immunopathology  of  autoimmune  T1DM,  and  how  DC-based  therapy 
may  be  usefully  translated  to  treat  and  reverse  the  disease. 


Dendritic  cells  in  diabetes  immunopathology:  sentinels  gone  bad 

Dendritic  cells  (DC)  are  among  the  body's  most  remarkable  cell  types.  As  sentinels  of  the  immune 
system  par  excellence,  their  function  has  evolved  to  maintain  host  surveillance  against 
microenvironmental  anomalies,  sensing  damaged  tissue  architecture,  foreign  pathogen  invasion  and 
infection,  and  most  exquisitely,  acting  as  a  central  orchestrator  of  mechanisms  of  self-tolerance  (1- 
5).  DC  have  a  capacity  to  ingest  material  as  small  as  simple  organic  chemicals  or  as  large  as  cells 
undergoing  apoptosis  using  diverse  uptake  mechanisms  such  as  pinocytosis,  macropinocytosis, 
mannose  receptor-mediated  endocytosis  and  phagocytosis.  Once  ingested,  molecules-especially 
proteins,  are  processed  in  early  vesicles  which  are  at  the  endosomal  stage  en  route  to  lysosomes  and 
frequently  are  eventually  loaded  onto  class  I  or  class  II  Major  Histocompatibility  Complex  (MHC) 
molecules  (6-8)  to  reach  the  cell  surface.  DC  are  in  steady-state  flux  throughout  all  body  tissues, 
constantly  sampling  molecules  from  the  ever  changing  environment  they  encounter.  Normally,  they 
then  transit  through  the  draining  lymphoid  organs,  where  it  is  believed  that  they  maintain 
potentially  autoreactive  immune  cells  in  quiescence  either  directly  or  via  indirect  regulatory 
immune  cell  networks  (3,  5,  9-16)  When  DC  encounter  microenvironmental  anomalies,  viral 


infections  for  example,  the  local  disruption  of  tissue  architecture  along  with  an  increase  in  the 
output  of  pro-inflammatory  signals  by  infected  cells,  will  prime  the  DC  to  undergo  a  series  of 
internal  changes  that  are  referred  to  as  "maturation".  While  conceptually  thought  of  as  a  series  of 
discrete  checkpoint-like  events,  maturation  is  rapid  and  often  non-linear  (13,  17,  18).  The 
morphology  of  DC  transform  from  a  large  monocytic,  "spiny"  cell  type  into  a  smaller,  more 
spherical  structure  with  long  protruding  veils  that  are  densely-endowed  with  class  I  and  class  II 
MHC  and  other  accessory  molecules  critical  for  inducing  the  activation  of  naive  antigen-specific 
immune  cells.  Maturation  is  coupled  to  migration  towards  the  proximal  draining  lymph  node  with 
concomitant  production  of  cytokines  like  TNFa  and  chemokines.  This  production  helps  to  establish 
a  gradient  that  will  be  sought  and  followed  by  other  immune  cells,  especially  T-cells  once  triggered 
from  their  quiescent  state  (1-5).  Within  the  lymph  node,  the  DC  will  interact  with  naive  T-cells 
through  class  I  and  class  II  MHC/peptide/T-cell  receptor  (TCR)  contacts,  where  this  interaction  is 
stabilized  by  coincident  contact  between  accessory  co-receptors  on  DC  and  T-cells,  collectively 
termed  co-stimulatory  molecules  (19-24).  While  the  identity  of  the  co-stimulatory  molecules  has 
been  extensively  studied  (refer  to  Table  I),  what  is  perhaps  underappreciated  and  not  yet  well 
understood,  is  that  the  critical  aspect  of  the  event  is  not  only  the  signals  provided  through  the  co¬ 
stimulatory  co-receptors,  but  also  a  prolongation  of  the  time  of  the  physical  interaction  of  the 
presented  antigen  and  the  T-cell  receptors  (25-29).  In  this  regard,  any  mechanism  that  interrupts 
costimulation  would  be  predicted  to  lead  to  impaired  activation  of  the  responding  T-cell,  possibly 
leading  to  functional  anergy  or  apoptosis.  This  is  indeed  the  outcome  of  many  strategies  aimed  at 
costimulation  blockade  (19-24). 


DC  molecule  Co-receptor  (and  cell  type) 

B7 -1  CD28  (constitutive)/CTLA4  (induced) 

B7  -2  CD2S  (c  onstitutive)/CTLA4  (indue  e  d) 

B7-ll  ICOS  (T-cells,  -induced) 

PD-L1  PD-1  (T-cells,  B- cells,  APC,  NK  cells) 

PD-L2  PD-1  (T-cells,  B- cells,  APC,  NK  cells) 

B7-H3  ? 

4-1 BBL  4- IBB  (T-cells, -induced) 

OX40L  OX4(  (T-cells,  -induced) 

C  D40  CD40L  (T-  c  ells,  NK  c  ells,  e  o  sinophils) 

CD70  CD27  (T-cells,  APC) 

CD30L 

B7-H2  ICOS  (T-cells,  -induced) 

B7-H4 
B7-I 


Functional  outcome  of  modulation 

Blockade:  long-term  allograft  survival  (204-213) 
Blockade:  long-term  allograft  survival  (204-213) 
Blockade:  alio-  and  xenograft  survival-in  concert  with 
other  regimens  (214-216) 

Agonist  enhancement:  allograft  survival-in  concert  with 
other  regimen  (2,  217) 

Blockade:  allograft  survival  {Akbari,  2002  #224; 

Iwasaki,  1 999  #223 

Blockade:  allograft  survival  (16S,  2 IS) 

Blockade:  long-term  allograft  survival  in  concert  with 
other  regimen  (S3,  124,  123,  219-221) 

Blockade:  allograft  survival  (222) 


HI  PD-1  (T-cells,  B- cells,  APC,  NK  cells) 

EM  LIGHT  BILA  (T-cells,  B-cells) 


Table  1A.  DC:  Immune  cell  co-receptor  pairs  and  functional  outcome  of  modulation  of  interaction/signaling 


DC  however  are  equally  adept  at  maintaining  tolerance  to  self-antigens.  Accumulating  evidence 


from  transplantation  models,  autoimmune  animals,  transgenics  and  in  vitro  experiments  is  now 
solidly  in  support  of  a  state  of  affairs  where,  under  steady  state,  DC  that  are  functionally-immature, 
capture  apoptotic  debris  (which  arise  out  of  naturally-occurring  cell  turnover)  in  the  interstitium  or 
inside  tissues  proper  and,  as  they  migrate  into  the  draining  lymph  nodes,  induce  functional  silence 
directly  or  indirectly  to  potentially-autoreactive  cells  (4).  This  model,  however,  has  been  expanded 
recently  to  include  the  possibility  that  short-lived  migratory  DC  can  transfer  tissue-restricted 
molecules  to  long-lived  specialized  DC  within  the  peripheral  lymph  nodes  (30-37). 


DC:T-cell  interaction©  Co-activation  outcome  (signal) 


B7-1/B7-2:CD28  positive 

B-luICOS  positive 

0X401:0X40  positive 

CD40:CI>40L  positive 

CD  "0 :  CD  2  7  p  o  sitive 

B  7-1 B  7-2 :  CTLA4  negative 

B7-H1:FD-1  negative 


Table  IB.  Functional  outcomes  of  interactions  between  DC:T-cell  receptor  pairs  on  T-cells 


The  distinction  between  a  functional  state  of  immaturity  and  the  tolerogenic  state  is  not  yet  clear. 
Some  investigators  favor  a  system  where  tolerogenic  DC  possess  specific  properties,  either  as  a 
consequence  of  natural  development  during  ontogeny,  or  acquired  during  their  lifetime  in 
circulation  (refer  to  Table  II).  Other  investigators  offer  models  where  DC  are  metastable  and  can 
acquire  a  broad  spectrum  of  functional  capacities  ranging  from  potently  immunostimulatory  to 
highly  immunosuppressive,  depending  on  their  microenvironmental  location  (and  local  effects  from 
tissue-derived  soluble  factors),  or  their  interactions  with  other  physically-proximal  cells;  immune 
and/or  non-immune  (38,  39).  While  it  is  not  at  all  clear  which  of  these  models  is  operative  in  DC- 
based  tolerance  to  tissue-restricted  antigens,  what  is  clear  is  that  DC  are  prominent  in  promoting  the 
breakdown  in  tolerance;  the  hallmark  of  autoimmune  diseases  (13,  40,  41). 


Table  2.  Phenotypes  of  characterized  human  DC  subsets 


CDllc+  DC  (myeloid  DC;  DC1): 

-CD13+ 

-  CD  14+ 

-  CD33+ 

-  CD1  lb+ 

-TLR2+ 

-  TLR3+ 

-  GM-CSF-receptor+ 


-  HLA-DRhigh 

-  produce  TNFa,  IL-6,  IL-12,  IFNa,  IFN(3  in  response  to  activation 

-  poorly-developed  dendrites  (veils) 

-  can  acquire  veiled  morphology  after  a  period  in  culture  in  absence  of  exogenous  cytokines  (132) 

-  induce  vigorous  proliferation  of  allogeneic  T-cells  in  vitro  (132,  223) 

-  potent  antibacterial  responses/highly  phagocytic 

-  mainly  immunostimulatory  when  activated 

-  tolerogenic  potential  when  engineered  in  vitro/ex  vivo 

CDllc-  DC  (plasmacytoid  DC;  DC2): 

-CD4+ 

-  CD13low 

-  CD  14-low 

-  CD33Low 

-  CDllbL0W 

-  TLR7+ 

-  TLR9+ 

-  IL-3-receptor+ 

-  HLA-DR+ 

-  produce  IFNa,  IFNb  in  response  to  activation 

-  exhibit  plasmacytoid  morphology 

-  well-developed  rough  ER  and  Golgi 

-  require  exogenous  cytokines  for  survival  in  vitro 

-  can  develop  into  myeloid  DC  types  in  presence  of  monocyte  conditioned  medium  or  IL-3  (223) 

-  induce  poor  proliferation  of  allogeneic  T-cells  in  vitro  (132,  223) 

-  potent  antiviral  responses 

-  potentially  tolerogenic 

One  of  the  most  prevalent  autoimmune  diseases,  with  considerable  morbidity  due  to  its  long-term 
complications,  is  type  1  diabetes  mellitus  (T1DM).  T1DM  in  its  totality  drains  considerable 
healthcare  expenditures  annually  worldwide  (42-44).  A  disorder  of  glucose  homeostasis,  T1DM 
results  due  to  an  insufficient  amount  of  insulin,  consequent  to  a  chronic  inflammation  of  the  islets 
of  Langerhans  in  the  pancreas.  The  disease  is  T-cell  mediated,  targeting  the  insulin-producing  13- 
cells  for  eventual  destruction,  and  clinical  onset  of  hyperglycemia  can  occur  before  the  entire  (3-cell 
mass  is  eradicated  (45-55).  In  fact,  the  more  advanced  inflammation  consists  of  macrophages  and  T- 
cells  that  secrete  cytokines  which  are  known  to  suppress  glucose  sensing  and  insulin  production 
even  though  the  (3-cell  mass  remains  viable  (56-62).  In  the  very  early  stages  however,  the 
inflammation  consists  of  an  influx  of  DC  into  the  islets  apparently  in  response  to  an  as  yet 
undefined  anomaly. 

The  nature  of  the  anomaly  is  not  understood.  Finegood  and  colleagues  have  proposed  that  a 
massive  wave  of  (3-cell  apoptosis  occurs  very  early  in  the  life  of  rats  which  is  followed  by 
remodeling  as  the  endocrine  mass  matures  towards  its  eventual  adult  architecture  and  composition. 
A  breakdown  of  proper  apoptosis  and  remodeling  may  act  as  a  trigger  for  increased  DC  influx  and 
maturation  of  DC  as  they  migrate  towards  the  pancreatic  lymph  nodes  to  interact  with  potentially 
autoreactive  T-cells  (63).  In  rodents,  the  timing  of  the  wave  of  apoptosis  closely  precedes  the 
earliest  inflammatory  events.  In  humans  however,  the  initial  inflammation  is  either  undetected  or 
frequently  occurs  much  later  in  childhood.  Another  model  proposes  that  (3-cell  antigens  are 


acquired  by  DC  in  response  to  molecular  mimicry,  where  autoimmunity  is  induced  consequent  to 
infection  by  a  virus  or  other  microbe  whose  structure,  or  antigens,  cross-react  or  share  epitopes  with 
(3-cell-resident  molecules  (64-66).  Finally,  a  model  presented  in  the  early  nineties  (67)  considers  the 
possible  implication  of  so-called  'super'-antigens  in  the  activation  of  the  autoimmune  process. 
Superantigens  are  TCR  ligands  from  bacterial  and  viral  sources  that  are  able  to  activate  T-cells  in  a 
way  quite  different  than  conventional  antigens.  They  bind  as  unmodified,  intact  proteins  to  the 
MHC  class  II  molecules  of  the  antigen  presenting  cell,  outside  their  peptide  binding  groove  and 
simultaneously  to  the  V-(3  segments  of  the  TCR,  independently  of  TCR  specificity  for  the  MHC 
molecule-antigenic  peptide  complex.  Their  ‘none-too-selective’  binding  properties  result  in  the 
activation  of  a  very  large  proportion  of  the  peripheral  T-cells  (i.e.,  in  a  “super”  activation).  The 
frequency  of  T-cells  responding  to  an  initial  exposure  to  certain  superantigens  can  be  of  the  order  of 
30%  of  the  total  peripheral  T-cell  pool.  Among  the  activated  cells,  some  may  be  autoreactive  T- 
cells  that  then  find  their  way  to  the  target  tissue  carrying  previously  "ignored"  antigens:  in  our  case, 
the  pancreatic  (3-cells  (68). 

What  is  clear  is  that  autoimmunity,  especially  in  the  genetically  non-obese  diabetic  (NOD)  mouse 
strain,  whose  immunopathology  is  widely-held  to  parallel  that  believed  to  occur  in  humans,  starts 
very  early  (3-4  weeks  of  age)  with  peri-islet  inflammation,  followed  by  a  slow  and  progressive 
impairment  and  destruction  of  (3-cells  by  4-6  months  of  age.  DC  and  macrophages  are  the  first 
immune  cells  detectable  at  3-4  weeks  of  age  in  the  islets  of  NOD  mice  (69-71).  These  cells  have 
been  shown  to  acquire  antigen  and  very  likely  present  it  to  T-cells  in  the  pancreatic  lymph  nodes 
(72-74).  Among  a  number  of  transgenic  mice,  two  in  particular  stand  out  to  demonstrate  how  a 
microenvironmental  anomaly,  which  is  islet-restricted,  requires  antigen  presenting  cells,  and  DC  in 
particular,  to  provoke  and  exacerbate  islet  autoimmunity.  The  first  is  an  NOD  mouse  expressing 
TNFa  inside  the  (3-cells  under  the  control  of  the  rat  insulin  promoter.  These  mice  exhibit 
accelerated  diabetes  with  strongly-destructive  insulitis  (75).  Local  TNFa  expression  enhanced  the 
accumulation  of  DC  which  then  presented  antigens  from  apoptotic  cells  to  CD4+  T-cells  (75). 
Indeed,  the  accumulating  DC  produced  TNFa  which  exacerbated  apoptosis  and  amplified  a  vicious 
cycle  (76).  To  more  precisely  determine  the  relevance  of  DC  in  the  initiation  and  maintenance  of 
T1DM,  an  elegant  set  of  studies  were  undertaken  by  Zinkemagel  and  colleagues  (77-79)  and  by 
Von  Herrath  and  colleagues  (80-83).  These  studies  all  point  to  the  central  role  of  DC  in  acquiring 
tissue-restricted  antigens.  In  an  environment  of  inflammatory  and  anomalous  ‘danger’  (84-88), 
these  DC  undergo  maturation,  migrate  into  the  pancreatic  lymph  nodes  and  activate  self-reactive 
and  specifically,  (3-cell-targeted  T-cells. 

Beta  cell-reactive  T-cells  are  well  characterized  from  a  number  of  animal  models  however, 
although  their  identity  in  humans  remains  unclear  (68,  89-91).  While  all  the  precise  mechanisms 
involved  in  the  selection  process  are  not  yet  fully  clear,  one  attractive  hypothesis  posits  that  mature 
T-cells  are  derived  from  a  randomized  pool  of  immature  cells  which  originate  in  the  bone  marrow 
and  individually  express  unique  TCRs.  Once  in  the  thymus,  these  immature  cells  undergo  positive 
and  negative  selection  via  fragments  of  native  molecules  (self-peptides)  lodged  in  the  peptide 
binding  groove  of  MHC  molecules  expressed  by  specialized  thymic  epithelial  cells,  which  then 
interact  with  the  TCR.  A  T-cell  which  reacts  strongly  with  the  MHC  molecule  loaded  with  a  self¬ 
peptide  dies  and  is  thus  negatively  selected.  T-cells  which  respond  poorly,  do  not  receive  a  positive 
signal  and  consequently  do  not  proliferate  significantly,  and  are  eventually  lost  or  become  anergic. 
The  T-cells,  whose  individualized  T-cell  receptors  fall  between  the  two  extremes  (i.e.,  too  strong  or 


too  poor  affinity  for  MHC/self-peptide  complex)  proliferate  modestly  and  survive,  that  is  they  are 
positively  selected,  and  emerge  from  the  thymus  to  circulate  in  the  periphery.  Eventually,  some  of 
these  T-cells  with  specific  T-cell  receptors  encounter  MHC  molecules  bearing  foreign  antigenic 
peptides  -  which  happen  to  interact  more  strongly  than  in  the  case  of  the  self-peptides  which 
enabled  their  positive  selection  -  and  a  protective  immune  response  driven  by  the  foreign  antigen 
occurs.  The  thymic  cells,  quite  likely  epithelial  in  nature  and  perhaps  resident  in  the  Hassall's 
corpuscle,  also  contribute  to  negative  and  positive  selection  by  expressing  self  antigens  (e.g., 
insulin)  under  the  control  of  cis- acting  proximal  promoters,  whose  levels  determine  self  antigen 
availability  for  uptake,  processing  and  presentation  by  thymic  resident  DC  to  developing 
thymocytes  (92-97).  The  greater  the  levels  of  self-antigen,  the  greater  the  probability  that  its 
epitopes  will  be  presented  to  developing  thymocytes,  and  the  greater  the  potential  for  negative 
selection  of  that  thymocyte.  Thus,  the  pool  of  available  T-cells  in  the  periphery  is  established  by  the 
presentation  of  antigens  in  the  thymus. 

In  the  case  of  autoimmune  diseases  that  are  associated  with  specific  MHC  alleles,  it  is  believed  that 
the  molecular  interactions  that  drive  positive  and  negative  selection  are  altered  by  the  disease- 
associated  MHC  molecules  and  self-antigen  expression,  and  that  consequently  dangerous,  more 
strongly  reactive  T  cells  are  allowed  to  escape  to  the  periphery.  Another  not  necessarily  mutually 
exclusive  consequence  is  that  T-regulatory  cells  are  not  as  effectively  selected,  and  in  their  reduced 
abundance  peripheral  reactions  to  self-peptides  are  not  as  well  maintained  in  check.  Polychronakos 
and  colleagues  have  shown  that  mice  with  variable  numbers  of  terminal  repeats  (VNTR)  mapping 
upstream  of  the  insulin  gene  promoter,  can  yield  different  quantities  of  potentially  autoreactive  T- 
cells,  further  supporting  the  model  at  a  functional  immunologic  level  (92-97).  Indeed,  the  cis- acting 
polymorphism  of  the  insulin  gene  has  been  mapped  as  the  IDDM2  genetic  susceptibility  locus  in 
humans  and  is  the  only  such  locus  other  than  the  MHC  in  humans,  the  HLA  ( IDDM1 ),  whose 
linkage  and  association  to  T1DM  has  been  consistent  and  replicated  in  different  datasets  and 
population  studies  worldwide  (97-102). 

Furthermore,  the  question  has  arisen  about  defective  DC  in  T1DM  immunopathogenesis.  Some 
studies  suggest  that  DC  derived  from  the  only  two  genetic  strains  of  naturally-occurring  diabetes 
are  functionally  abnormal,  ranging  from  observations  that  DC  are  hyperactivated  (103-106)  to  those 
showing  evidence  that  DC  are  hypofunctional  (107-109).  Diabetes  patients,  in  contrast,  do  not 
exhibit  any  dramatic  impairment  in  responses  to  infection,  recall  to  vaccination  antigens,  or  in  their 
ability  to  mount  hypersensitivity  reactions  (110-112),  thereby  creating  deepening  the  obscurity  as  to 
potential  defects  in  DC  development  and  function,  even  though  some  recent  reports  suggest  that 
potential  deficiencies  may  exist  in  humans  (113-115).  What  is  abundantly  clear,  however,  is  that 
DC  are  potent  regulators  of  the  immune  system,  and  can  be  mobilized  to  orchestrate  anti-tumor 
activities  as  well  as  to  induce  hyporesponsiveness  in  order  to  facilitate  allotransplantation  or  to 
prevent  autoimmunity  (1 16-123). 

Therapeutic  dendritic  cells  to  induce  immune  hyporesponsiveness:  from  transplants  to 
autoimmune  disease 

Currently,  most  investigators  favor  a  model  where  DC  arise  from  two  distinct  sources,  bone 
marrow  progenitors/stem  cells  and  progenitors  in  circulation  (17).  According  to  the  current  models, 
there  are  multiple  DC  subtypes  which  differ  with  respect  to  surface  molecules  and  functional 
activities.  Broadly  divided  among  Langerhans  DC,  interstitial  DC,  monocyte/myeloid-derived  DC 


and  plasmacytoid  DC,  it  is  not  clear  if  these  subtypes  arise  through  lineage  differences  or  in 
response  to  environmental  cues  (17,  18,  124,  125).  Monocyte/myeloid  DC  in  particular  develop 
from  CD1  lc+  HLA-DR+  precursors  (1).  Plasmacytoid  DC  are  believed  to  differentiate  either  from  a 
common  monocytic  precursor  or  from  a  committed  lymphoid  progenitor.  Plasmacytoid  DC  express 
CD123,  CD4  and  CD62  ligand  (126).  In  secondary  lymphoid  organs,  and  only  in  mice,  other 
subtypes  include  CD8a+  lymphoid  DC,  CD8a+  myeloid  DC  and  Langerhans  cell-derived  DC  (127). 
Moreover,  another  distinct  DC  type,  resembling  human  plasmacytoid  DC,  has  been  defined  in  a 
B220?  pool  (127).  Interstitial  DC  in  human  circulation  are  HLA-DR+  Lin-  and  are  quite  likely 
similar  to,  if  not  identical  to  monocyte/myeloid  DC  (128,  129). 

Examining  the  development  of  human  DC  in  particular,  a  number  of  studies  yield  the  following 
phenotypes  (refer  to  Table  II).  We  caution  that  these  phenotypes  are  not  necessarily  representative 
of  a  committed  cell  subtype,  but  may  in  fact  represent  one  unique  cell  at  different  developmental 
stages  and  exposed  to  different  environments.  Indeed,  one  can  consider  the  observed  phenotypes  as 
a  snapshot  of  the  cell  at  a  defined  moment  in  its  life.  The  specific  functional  capacities  and 
phenotypes  associated  with  a  later  point  in  its  lifetime,  go  undetected  or  destroyed  by  the  isolation 
methods  or  analytical  techniques  used.  Functionally  immature  DC  derive  from  hematopoietic  stem 
cells  within  the  bone  marrow  and  their  differentiation  likely  requires  Flt3-ligand  and  GM-CSF 
exposure  (127).  Stem  cells  differentiate  into  what  are  termed  common  myeloid  and  common 
lymphoid  progenitor  cells  inside  the  bone  marrow.  Common  myeloid  progenitors  can  further 
develop  into  CD1  lc+  CDla+/-  precursor  DC  (130).  CD1  lc+  CDla+  will  eventually  move  into  skin 
epidermis  to  become  Langerhans  cells  while  CD1  lc+  CD  la'  cells  will  migrate  into  most  other 
tissues  to  become  interstitial  DC  (131).  In  addition  to  these  two  DC  subtypes,  CD34+  stem  cells  can 
differentiate  into  two  other  DC  precursors:  pre-DC  with  monocytic  morphology  (DC1)  and 
plasmacytoid  morphology  (DC2;  17,  18).  There  are  differences  among  these  DC  subtypes.  Largely 
based  on  the  presence/absence  of  the  (32  integrin  CD1  lc,  DC  have  been  hypothesized  to  exist  in 
functionally  immature  and  mature  states  as  described  (132)  and  as  illustrated  in  Table  II.  Further, 
CD1  lc+  DC  are  generally  referred  to  as  myeloid  DC  whereas  CD1  lc  DC  are  generally  called 
plasmacytoid  DC.  CD1  lc+  DC  in  peripheral  blood  are  considered  myeloid  and  so  are  their 
monocytic  progenitors  that  differentiate  into  mature  DC  in  vitro  under  GM-CSF/IL-4  conditions. 

The  unresolved  consensus  regarding  the  association  of  maturational  state,  origin,  and  function  with 
specific  cell  surface  and  intracellular  markers,  taken  together  with  the  experimental  parameters  of 
time  of  tissue  harvest,  method  of  analysis,  age  and  sex  of  subject,  delineate  a  large  variety  of  DC 
subsets  (or  different  manifestations  of  a  few).  It  is  our  view  that  all  these  subtypes  can  in  fact  be 
variations  of  a  few  (and  perhaps  one)  DC,  whose  phenotype  and  function  varies  with  physical 
environment  and  state  of  maturation.  In  fact,  we  venture  to  speculate  that  all  these  cell  subtypes 
represent  a  spectrum  of  the  same  cell  which  can  range  in  function  from  immature  tolerogenic  to 
potently  immunostimulatory.  We  further  propose  that  the  state  of  DC  maturation  and  the 
environment  in  which  it  will  interact  with  a  T-cell  expressing  TCR  specific  for  MHC/  peptide 
complex  present  on  its  surface,  will  determine  the  mechanism  that  will  lead  to  tolerance  or 
activation.  In  this  regard,  the  DC  diversity  is  the  result  of  a  mechanistic  response  and  is  not  based 
on  the  prior  existence  of  discrete  and  unique  DC  subtypes. 

With  the  exception  of  the  observations  of  Morel  and  colleagues  (133),  many  other  lines  of 
investigation  support  DC  in  a  functionally-immature  state  (characterized  by  low  to  absent  co- 


stimulation)  as  agents  of  immune  hyporesponsiveness  (3,  8,  16,  116,  119,  121,  122).  Exogenous 
administration  of  functionally-immature  DC  (refer  to  Table  III)  achieves  long  term  and  stable 
allograft  survival  in  a  variety  of  mouse  and  rat  models  and  prevents  a  number  of  autoimmune 
diseases  (134-141).  Mechanistically,  functionally-immature  DC  act  by  inducing  anergy  either  via 
direct  cell  contact  and/or  cytokines  (122,  142,  143)  and,  as  shown  more  recently,  by  upregulating 
the  number  and  function  of  immune  cell  subsets,  especially  the  regulatory  populations  which 
include  Foxp3+  CD25+  T-cells  and  a  class  of  CD8+  immunosuppressive  T-cells  (144-152).  Table 
III  lists  the  models  where  immature  DC  administration  has  been  successful  and  will  be  the  focal 
point  from  which  potential  therapies  can  emerge  as  discussed  in  the  next  section. 

While  anergy  has  been  a  well-studied  mechanism  during  the  past  two  decades  and  will  not  be 
further  considered  herein  (153-160),  we  would  like  to  focus  on  potential  networks  of  immune 
regulatory  cells  evoked  by  DC  stabilized  in  a  functionally-immature  state.  In  particular,  on  the 
Foxp3+  CD25+  T-cells  whose  number  is  observed  to  be  increased  in  many  recent  studies  involving 
the  exogenous  supply  of  tolerogenic  DC  (161-165).  Immature  or  semi -mature  DC  can  induce  the 
differentiation  of  naturally-occurring  (thymic)  T-regulatory  cells  (CD4+  CD25+)  as  well  as  IF- 10- 
producing  CD4+  T-cells  in  vitro  and  in  vivo  (161,  164).  Over  expression  of  Jagged- 1  in  DC  results 
in  the  augmentation  of  antigen-specific  TGF  (3-producing  CD4+  CD25+  T-cells  (166).  Functionally- 
immature  DC  convert  naive  T-cells  into  IF-10-secreting  cells  in  vitro  and  antigen-pulsed  DC 
injected  subcutaneously  into  humans  augment  the  number  of  IF-10-producing  CD8+  T-cells  and 
trigger  a  reduction  in  IFNy-  T-cells  (167,  168).  Despite  the  abundance  of  data  in  support  of 
immature  DC  as  functional  inducers  of  regulatory  immune  cells,  other  investigators  have 
discovered  that  the  state  of  maturity  may  not  be  relevant  for  the  induction  of  immunosuppressive 
endogenous  T-cells.  For  example,  similar  to  the  studies  by  Morel  and  colleagues  (133),  mature  DC 
were  shown  to  expand  CD4+  CD25+  T-cells  which  were  functionally-suppressive  and  capable  of 
preventing  diabetes  in  the  NOD  mouse  (11,  169,  170).  Whether  this  reflects  a  restimulation  of 
existing  CD4+  CD25+  T-cells  or  their  expansion  is  unknown. 


Table  3.  Models  of  immunotherapeutic  DC  administration  to  prolong  graft  survival  and  to 

treat  autoimmunity 


Autoimmune  disease 

Type  1  diabetes: 

-  pancreatic  lymph  node  DC  (untreated)  (224) 

-  Mature  bone  marrow-derived  DC  (GM-CSF/IL-4  propagated);  or  transduced  with  IL-4  vector  (133,  225) 

-  NF-kB  oligonucleotide  decoy  propagated  (172) 

-  antisense  oligonucleotide  (CD40,  CD80,  CD86)-propagated  (173) 

-  Vitamin  D  receptor  ligands  (226) 

-  other  DC  embodiments  (227-230) 

Thyroiditis: 

-  in  vitro  generation  with  TNFa  and  supernatant  of  a  GM-CSF-transduced  cell  line  (231,  232) 

-  GM-CSF-generated  followed  by  in  vivo  administration  of  GM-CSF  (233) 


Experimental  Encephalomyelitis  (Multiple  Sclerosis  model): 


-  in  vitro  generation  with  TNFa  and  supernatant  of  a  GM-CSF-transduced  cell  line  (231,  232) 

-  VIP  and  GM-CSF  in  vitro  propagation  (234,  235) 

-  TGFb  and  MBP  antigen  (236) 

Arthritis: 


-  VIP  and  GM-CSF  in  vitro  propagation  (234,  235) 

-  IL-4  or  IL- 10-expressing  bone  marrow-derived  DC  and  derivative  exosome  preparations  (237-239) 

-  CD95  (Fas  ligand)-expressing  bone  marrow-derived  DC  (240,  241) 

Allotransplantation/Xenotransplantation: 

Administration  of  bone  marrow  derived  DC  from  transplant  organ  donor: 

-  DC  propagated  in  low  concentration  GM-CSF  (242-244) 

-  DC  propagated  in  GM-CSF,  IL-10,  TGFb  and  matured  with  LPS  (245) 

-  In  vitro  blockade  of  NF-kB  by  adding  aspirin,  vitamin  D3  metabolites/analogues,  glucosamine,  N-acetyl- 
cysteine,  corticosteroids,  cyclosporin  A,  rapamycin,  deoxyspergualin,  mycophenolate  mofetil  (246-261) 

-  gene-engineering  in  vitro;  DC  expressing  IL-10,  TGFb,  CTLA-4Ig,  Indolamine-2,3  dioxygenase,  Fas- 
ligand  (262-270) 

Administration  of  transplant  recipient-derived  DC  prior  to  transplantation: 

-  DC  pulsed  with  class  I  MHC  allopeptide  (271) 

-  rapamycin  and  donor  tissue  lysate  (272) 

CD4+  CD25+  T-regulatory  cells  expressing  the  Foxp3  transcription  factor  (T-reg)  are  thought  to 
derive  from  the  thymus  (natural  T-reg)  and  to  differentiate  from  peripheral  CD4+  precursors 
(peripheral  T-reg).  Steinman  and  colleagues  have  elegantly  established  that  DC  are  alone  capable  of 
augmenting  antigen-specific  T-reg  in  diabetic  mouse  models  (1 1,  170)  and  that  this  requires  cell 
contact.  Despite  their  comprehensiveness,  these  studies  did  not  indicate  the  precise  state  of  DC 
maturation  and  this  will  be  an  interesting  feature  to  identify.  We  have  shown  that  DC  maintained  in 
a  functionally-immature  state  following  in  vitro  treatment  with  NF-kB  decoys  and  antisense 
oligodeoxyribonucleotides  (AS-ODN)  to  the  CD40,  CD80  and  CD86  co-stimulatory  molecules  are 
diabetes  preventive  in  the  NOD  mouse  (171-173).  This  may  involve  short-range  IL-7  signaling, 
quite  likely  inside  the  pancreatic  lymph  node  of  NOD  mice,  and  augmentation  the  number  of  CD4+ 
CD25+  T-reg  via  suppression  of  apoptosis  of  a  pre-existing  pool  (171).  Multiple  injections  of  AS- 
ODN-treated  DCs  in  NOD  mice  maintained  the  animals  as  diabetes  free  without  affecting  the 
overall  T-cell  activity  against  alloantigens.  Furthermore,  repeated  administrations  of  co-stimulation 
deficient  DC  reverses  hyperglycemia  in  new-onset  diabetes  NOD  mice.  The  promising  results  from 
this  study,  together  with  the  low  risk  of  the  procedure,  demonstrated  in  numerous  anti-cancer  DC- 
based  treatments,  have  enabled  this  NIH-funded  protocol  to  be  approved  by  the  Food  and  Drug 
Administration  (FDA)  office  as  a  phase  I  clinical  trial.  Adult  (18  years  or  older)  volunteers  with  a 
documented  evidence  of  insulin-requiring  T1DM  of  at  least  5  years  duration  will  be  enrolled  first, 
to  prove  the  safety  of  the  procedure.  Leukocytes  of  the  patient  will  be  obtained  by  aphaeresis  and 
DC  will  be  generated  in  vitro  and  engineered  with  the  addition  of  AS-ODN.  These  DCs,  which 
express  low  levels  of  CD80,  CD86,  and  CD40  will  then  be  injected  into  the  patient  by  dermal 
administration.  Attracted  to  the  focus  of  inflammation,  these  treated  cells  will  acquire  apoptotic 
cells  inside  the  islets  (hence  the  antigen  specificity)  and  then  will  migrate  into  the  pancreas-draining 


lymph  nodes,  where  they  will  deliver  an  anergizing  signal  to  the  T-cells  they  encounter  and/or 
induce  regulatory  immune  cells.  The  vicious  cycle  that  promotes  the  T-cell  mediated  anti-beta-cell- 
antigen  spreading  phenomenon  will  be  interrupted  this  way,  enabling  the  recovery  of  the 
physiologic  endocrine  function  of  the  gland  with  time.  The  abrogation  of  the  autoimmune 
diabetogenic  insult  should  be  sufficient  to  promote  rescue  or  regeneration  of  the  insulin-producing 
(3-cells  in  the  host  endocrine  pancreas,  even  after  the  onset  of  the  disease.  Once  safety  has  been 
demonstrated,  a  phase  II  efficacy  trial  will  start,  involving  new  onset  diabetic  patients  (Figure  1). 

NTH -funded,  IRB-  and  F£>  A -approved  safety  study 

To  confirm  that  intradermal  administration  of  autologous,  diabetes- 
suppressive,  dendritic  ceils  (DC)  is  safe,  non-toxic  and  without  side-effects 


4,  Administer  to  volunteer  intradermally 


Engineer  50  towards  a  "diabetes -suppressive'1 
capacity  under  conditions;  provide 

mixture  of  AS-05N  {CD40/CD8Q/C5S6) 


Test  patency,  sterility  and  divide  into 
individual  administration  aliquots 


5.  Immunological,  biochemical,  physiologic  monitoring  to  establish  safety 


1.  Obtain  leukocytes  via  apheresis 


Study  begins  in  January  2007 


Figure  1.  Schema  of  FDA-approved  safety  trial  administering  autologous  diabetes-suppressive  DC  into 
established  type  1  diabetic  volunteers  (Pittsburgh  Study).  The  protocol  will  enroll  established  type  1  diabetic 
volunteers  between  the  ages  of  18-25  who  are  otherwise  healthy.  They  must  be  diabetic  >5  years.  Autologous  DC 
will  be  generated  in  vitro  from  apheresis  product.  Half  of  the  study  group  will  be  administered  autologous  DC 
engineered  in  vitro  with  the  mixture  of  CD40,  CD80  and  CD86  antisense  oligonucleotides  and  the  other  half  will 
receive  untreated  autologous  DC.  The  volunteers  will  be  monitored  immunologically,  physiologically  and 
biochemically  to  determine  safety  of  the  approach.  If  the  engineered  DC  are  safe,  then,  the  protocol  will  be 
submitted  for  consideration  to  enroll  new-onset  diabetics  with  the  objective  of  determining  the  effect  of  the 
engineered  autologous  DC  on  residual  functional  beta  cell  mass  and  markers  of  autoimmunity. 

In  Table  IV,  we  list,  in  a  general  manner,  the  current  methods  by  which  DC  can  be  maintained  in, 
or  induced  into,  a  functionally-tolerogenic  state  whether  this  involves  their  maintenance  in  stably- 


immature  state  or  not.  Specific  studies  are  shown  in  Table  III.  These  lists  and  methods  are  growing 
and  based  on  the  differences  in  methods  of  choice,  the  question  arises:  are  all  such  DC 
embodiments  equivalent  and  translatable  for  clinical  use? 


Table  4.  Methods  to  generate/propagate  immunotolerogenic  DC  in  vitro  for  in  vivo 

administration 

-  NFkB  blockade  (peptides  blocking  signaling,  DNA  transcriptional  decoys) 

-  targeting  co-stimulatory  molecule  expression  specifically  (antisense,  siRNA,  RNAi) 

-  conferring  tolerogenic  signals  (engineered  to  produce  immunosuppressive  cytokines/growth  factors/cell 
surface  proteins/soluble  costimulation  co-receptor  decoys) 

-  Conferring  death  signals  to  autoreactive  T-cells  (apoptosis-inducing  cell  surface  proteins) 

The  growing  palette  of  therapeutic  dendritic  cells  for  autoimmune  diabetes:  are  they 
all  equivalent  and  clinically-translatable? 

It  is  evident  from  Tables  III  and  IV  that  multiple  pathways  exist  to  generate  tolerogenic  DC.  Some 
methods  converge  upon  identical  cellular  and  molecular  pathways  (augmentation  of  T-reg  numbers, 
NF-kB  inhibition,  co-stimulation  blockade).  Others  are  not  so  obvious.  First,  it  is  important  to 
understand  that  transplantation  immunobiology  may  not  be  identical  to  autoimmunity  and  vice 
versa.  Indeed,  there  are  numerous  instances  where  a  therapeutic  regimen  achieving  long-term 
allograft  survival  has  failed  to  abrogate  autoimmunity  (174-181).  Therefore,  DC  that  are  able  to 
suppress  donor-specific  antigen  alloreactivity  may  not  evoke  the  appropriate  regulatory 
mechanisms  capable  of  controlling  and  reversing  autoimmunity.  At  the  same  time,  although 
different  DC  embodiments  may  exhibit  similar  cell  surface  phenotypes  and  nuclear  proteome 
signatures,  by  no  means  can  this  be  a  predictor  of  mechanism  of  action.  Cell  viability  has  rarely 
been  examined  in  these  embodiments  and  not  all  potential  mechanisms  of  action  were  considered.  It 
is  possible  that  all  listed  embodiments  may  intersect  at  immune  regulatory  cell  levels,  but  this 
remains  to  be  determined.  Also,  the  site  of  action  is  currently  unknown:  while  it  is  generally 
believed  that  the  DC  activity  will  occur  inside  the  pancreatic  lymph  nodes,  there  are  equally-likely 
possibilities  that  the  activity  of  immune  tolerance  may  in  fact  occur  extralymphatically  and,  in 
autoimmune  diabetes,  around  the  islets.  The  study  by  Zinkemagel  and  colleagues  demonstrating  a 
nascent  peri-islet  lymphoid  ultrastructure  during  diabetes  onset  is  very  interesting,  instructive  and 
awaits  the  discovery  of  a  mechanism  (79). 

Tables  III  and  IV  also  demonstrate  that  few  studies  examined  the  outcome  of  diabetes  incidence  in 
animals  treated  with  tolerogenic  DC  pulsed  with  putative  autoantigens.  Although  the  ongoing 
insulitis  drives  migration  of  exogenously-administered  DC  into  the  islets,  where  they  acquire  the 
antigen-specificity  to  provide  (3-cell  antigens  (from  apoptotic/necrotic  (3-cells)  to  pancreatic  lymph 
node-resident  regulatory  immune  cells  like  CD25+  Foxp3+  T-cells,  it  is  currently  unknown  if  ex 
vivo  pulsing  with  putative  autoantigen(s)  could  stabilize  class  I MHC  to  yield  more  specific  T-reg 
in  vivo.  Our  published  data,  however,  indicate  that  supply  of  putative  autoantigens  may  not  be 
necessary  given  the  endogenous  supply  acquired  by  migratory  exogenous  DC  inside  the  insulitic 
lesion.  The  critical  factor  is  to  maintain  the  DC  in  a  functionally  immature  state  (136,  138,  171- 
173). 


It  is  our  view  that  all  immunoregulatory  DC  are  not  identical  for  the  reasons  outlined  above. 
However,  we  believe  that  DC,  which  can  reverse  new  onset  disease  and  which  share  final  common 
pathways  (like  low  NF-kB  activity,  low  levels  of  costimulation),  can  be  clinically  useful  and 
therefore  should  be  at  the  forefront  of  translatability.  Clinical  translation  of  diabetes-suppressive 
DC  is  an  attractive  option  primarily  because  DC  immunotherapy  alone  has  proven  to  be  a  safe 
protocol  in  humans  (182-203).  While  institutional  review  boards  (IRBs)  should  carefully  gauge  the 
preclinical  animal  studies  and  DC  should  be  generated  in  facilities  with  considerable  experience 
with  immune  cell  therapy  products  (like  those  involved  in  generating  cancer  DC  vaccines  under 
GMP/GLP  standards),  we  believe  that  Table  IV  provides  a  tentative  list  of  DC  applications  to 
further  explore  and  to  translate  into  safety  trials  for  the  eventual  remission  and  perhaps  cure  of  this 
lifelong  disease. 
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Abstract 

A  definitive  cure  for  type  1  diabetes  is  currently  being  pursued  with  enormous  effort  by  the  scientific  community.  Different  strategies  are  followed  to 
restore  physiologic  production  of  insulin  in  diabetic  patients.  Restoration  of  self-tolerance  remains  the  milestone  that  must  be  reached  in  order  to  move  a 
step  further  and  recover  a  cell  source  capable  of  independent  and  functional  insulin  production.  Multiple  strategies  aimed  at  modulation  of  both  central  and 
peripheral  immunity  must  be  considered.  Promising  results  now  show  that  the  immune  system  can  be  modulated  in  a  way  that  acquisition  of  a  “diabetes- 
suppressive”  phenotype  is  possible.  Once  self-tolerance  is  achieved,  reversal  of  the  disease  may  be  obtained  by  simply  allowing  physiologic  rescue  and/or 
regeneration  of  the  (3  cells  to  take  place.  Given  that  these  outcomes  have  already  been  confirmed  in  humans,  refinement  of  existing  protocols  along  with 
novel  methods  adapted  to  T1DM  reversal  will  allow  translation  into  clinical  trials. 

©  2007  Published  by  Elsevier  B.V. 
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1.  Introduction 

Type  1  diabetes  mellitus  (T1DM)  can  best  be  characterized  as 
a  disorder  of  glucoregulation  due  to  the  insufficient  production  of 
a  single  critical  hormone:  insulin.  Since  the  middle  of  the  last 
century,  the  pharmacologic  solution  has  been  to  administer  daily 
recombinant  variants  of  the  hormone  with  increasingly  sophis¬ 
ticated  dosing  schedules,  which  have  succeeded  in  granting 
normal  lifespan  to  type  1  diabetics  [1].  Nevertheless,  no  matter 
the  degree  of  sophistication,  the  current  regimens  have  not  proven 
capable  of  faithfully  recapitulating  what  the  endogenous  insulin- 
producing  p>  cells  of  the  pancreas  normally  perform  in  response  to 
glucose.  This  leads  to  the  inevitable  principal  causes  of  morbidity 
and  mortality  associated  with  T1DM,  namely  the  complications 
of  kidney,  ocular  and  neural  disease  [2-4]. 

While  insulin  replacement  continues  to  be  the  primary 
treatment,  the  need  to  establish  physiologic  glucoregulation  in 
order  to  avoid  the  complications  has  led  to  multiple  avenues  of 
alternative  interventions,  most  of  which  are  at  the  experimental 
stage.  Some  fulfilled  this  requirement  by  allotransplantation  of 
P>  cell  mass  or  surrogate  insulin-producing  cells  [5-7].  Others  are 
aimed  at  abrogating  the  cause  of  the  disease  itself,  the  auto¬ 
immunity,  which  culminates  in  the  destruction  of  |3>  cell  mass 
[8,9].  An  additional  tier  of  interventions  is  aimed  at  re¬ 
establishment  of  adequate  |2>  cell  mass  able  to  provide  physiologic 
euglycemia,  through  methods  that  promote  |2>  cell  preservation 
and/or  regeneration  in  diabetic  individuals  [10,11].  What  all  of 
these  interventions  have  in  common,  however,  is  the  hurdle 
imposed  by  the  immune  system  at  the  level  of  ongoing  auto¬ 
immunity  and,  in  some  cases,  at  the  level  of  transplant  rejection 
by  the  host. 

2.  The  autoimmune  nature  of  T1DM 

T1DM  is  an  autoimmune  disease  characterized  by  an  inflam¬ 
matory  response  against  the  insulin-producing  |2>  cells  of  the 
pancreas.  A  strong  genetic  susceptibility  is  essential  to  T1DM 
etiopathogenesis  [12].  While  the  genetic  associations  to  func¬ 
tional  biochemical  and  cellular  networks  are  beginning  to  be 
unraveled,  it  is  clear  that  the  genetics  of  susceptibility  affect  the 
ontogeny  and  survival  of  immune  cell  subsets  at  the  level  of  the 
thymus  and  in  the  periphery  [13].  In  humans,  at  the  thymic  level, 
for  example,  the  IDDM2  locus,  a  variable  number  of  tandem 
repeats  (VNTR)  polymorphism  upstream  of  the  insulin  gene 
promoter,  acts  in  cis  to  regulate  the  amount  of  proinsulin 
expressed  in  its  tissue  [14,15].  Insulin  is  an  antigen  against  which 
T-cell  reactivity  and  autoantibodies  have  been  demonstrated  to  be 
present  in  rodent  models  and  in  humans  and  therefore  represents 
the  most  relevant  candidate  autoantigen.  In  the  course  of  the 
disease,  a  number  of  other  autoantigens  provoke  T-cell  reactivity 
and  autoantibodies  as  well  (for  example  GAD,  IA2;  [16-18]) 
during  the  process  known  as  “antigen  spreading”.  Nonetheless, 
insulin  remains  the  most  specific  candidate  because  it  is  a  gene 
only  expressed  in  the  cells  that  are  specifically  targeted  by 
autoimmunity  in  T1DM.  IDDM2  is  one  of  two  loci  that  have 
unquestionably  demonstrated  linkage  to  and  association  with 
T1DM  [12].  The  other  locus  is  the  Major  Histocompatibility 


Complex  (MHC  or  HLA  in  humans)  class  II  region  which  confers 
the  strongest  linkage  and  association  with  T1DM  [12]. 

Although  genetic  susceptibility  is  a  “conditio  sine  qua  non”  for 
the  disease  to  occur,  it  is  widely  believed  that  environmental 
factors  trigger  the  cellular/biochemical  networks  that  are  the 
activating  events.  Such  triggers  have,  from  time  to  time,  included 
viral  infections  and  diet  components  [19-24].  Viral  infections 
may  trigger  p>  cell-specific  T-cells  through  molecular  mimicry 
where  a  viral  epitope  shares  sequence  homology  or  identity  with 
candidate  autoantigens  expressed  in  pancreatic  [6  cells  or  by  other 
possible  mechanisms  [21,25]. 

Beta  cell  destruction  is  the  end  point  of  a  chronic  inflammation 
around  and  in  the  pancreatic  islets  of  Langerhans  termed  “peri- 


Fig.  1 .  A)  A  normal  islet  of  Langerhans.  B)  The  presence  of  mononuclear, 
autoreactive  T-cells  in  the  islet  of  the  pancreas  (i.e.,  insulitis)  is  the  most 
convincing  evidence  we  can  get  about  the  autoimmune  destruction  of  the  insulin 
producing  cells. 


108 


L.  Pasquali  et  al.  /  Advanced  Drug  Delivery  Reviews  60  (2008)  106-113 


insulitis”  and  “insulitis”,  respectively.  As  studied  in  the  two 
classic  rodent  models  of  the  disease  (diabetes-prone  BioBreeding 
rat,  DP-BB,  and  non-obese  diabetic  prone,  NOD,  mouse),  early 
on  in  the  acute  phase  of  the  immune  attack  the  islets  exhibit  an 
abundant  cell  infiltration  by  mononuclear  cells,  macrophages  and 
dendritic  cells  (DC)  [26].  With  time,  T-cells  become  the  major 
constituent  of  the  insulitis  and  are  responsible  for  the  greatest 
|2>  cell  damage  and  destruction  (Fig.  1).  T-cells  induce  apoptosis  of 
P>  cells  either  directly  (perforin/granzyme  B  and  Fas/Fas  ligand) 
or  indirectly  through  cytokines  (TNFalpha/IFNgamma)  [27,28]. 
B-cells  are  late  constituents  of  the  insulitic  lesion.  This  may 
explain  why  autoantibodies  produced  by  B  lymphocytes  are 
thought  to  be  only  epiphenomena  not  directly  involved  in  the 
destruction  of  the  (3  cells.  Based  on  this,  T1DM  was  classically 
defined  as  a  T-cell-mediated  disease  and  for  many  years  scientists 
tended  to  have  a  “T-cell  centric”  vision  of  the  disease.  There  is 
now  more  interest  and  a  growing  belief  that  antigen-presenting 
cells  (APC),  and  in  particular  DC  may  play  a  central  role  in  either 
initiating  or  orchestrating  the  autoimmune  response  [29]. 

DCs  are  considered  the  body’s  sentinels  and  play  a  primary 
role  as  scouts  and  reporters  of  abnormal  microenvironmental 
changes  to  the  immune  systems  as  they  migrate  from  the 
damaged  target  tissues  to  the  lymphoid  organs  [30].  As 
scavengers,  DC  captures  proteins  and  processes  them  into  small 
peptides,  as  they  move  towards  the  draining  lymphoid  organs 
(Fig.  2).  Once  in  a  secondary  lymphoid  organ,  DCs  may  present 
the  processed  peptides  via  both  class  I  and  class  II  MHC  to  the 
T-cell  receptor  (TCR)  of  naive  T-cells.  If  the  DC  migrates  from  a 
site  of  steady-state  “normal”  microphysiology,  it  will  maintain  an 
immune  cell  network  refractory  to  the  source  of  the  acquired 


antigen(s).  This  network  generally  includes  a  class  of  T-cells 
called  regulatory  T-cells,  the  best  characterized  of  which  express 
the  Foxp3  transcription  factor  [3 1].  In  contrast,  if  the  DC  migrated 
from  a  site  of  “abnormal”  microphysiology,  or  a  site  of  damage/ 
foreign  pathogen  invasion,  it  will  (during  migration)  undergo  a 
series  of  phenotypic  changes,  both  at  the  cell  surface  and  the 
transcriptional  level,  termed  “maturation”  as  it  lays  down  a 
gradient  of  chemokines  and  other  pro-inflammatory  molecules 
[30].  Once  a  mature  DC  enters  the  lymphoid  organs  will  engage 
T-cells  whose  TCRs  recognize  the  acquired  peptide  antigens.  The 
interaction  is  strengthened  by  co-receptor  interactions  (costimula¬ 
tion),  so  that  the  T-cell  will  begin  to  be  activated  and  to  proliferate, 
with  the  progeny  eventually  trafficking  back  to  the  site  of  “danger” 
as  effectors.  In  the  instance  in  which  the  T-cells  are  of  an  auto¬ 
reactive  phenotype  (i.e.  escaped  negative  thymic  selection  and 
recognize  antigens  whose  expression  is  normal  in  an  organism), 
this  DC/T-cell  interaction  becomes  “the  engine”  of  autoimmunity 
[32].  It  is  obvious  then  why  DC  is  critical  in  maintaining  tolerance 
to  self-antigens  and  in  initiating  responses  against  antigens  from 
foreign  pathogens. 

3.  Immune  modulation 

3.1.  Restoration  of  central  tolerance 

3.1.1.  Solving  the  problem  from  the  root 

In  the  late  1980s  the  most  influential  single  hereditary 
susceptibility  factor  in  T1DM  was  identified  and  mapped  to  the 
HLA  (MHC  in  mice)  gene  cluster  [33,34].  An  allelic  form  of  the 
HLA-DQ  molecule  that  lacks  a  charged  amino  acid  at  position  57 


Fig.  2.  Islet-resident  DC  responds  to  a  microenvironmental  anomaly  (F  cell  death  or  apoptosis)  by  migrating  out  of  the  islets  into  the  peripheral  pancreatic  lymph  nodes 
and  initiating  a  maturation  process.  By  presenting  the  p  cell  antigens  they  have  acquired,  DCs  interact  with  p>  cell-reactive  T-cells  escaped  from  thymic  negative 
selection  triggering  their  activation  and  proliferation.  Once  activated,  T-cells  are  responsible  for  the  greatest  (3  cell  damage  and  destruction  by  inducing  (3  cells 
apoptosis  either  directly  (perforin/granzyme  B)  or  indirectly  through  cytokines  (TNFalpha/IFNgamma).  Regulatory  T-cells  may  also  be  involved  in  modulating  this 
unstable  equilibrium  but  ultimately  the  process  ends  in  favour  of  the  (3  cell-reactive  T-cells,  which  eventually  will  destroy  enough  cells  to  render  the  patient  insulin- 
dependent. 
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of  its  (3  chain  was  shown  to  be  strongly  correlated  with  the 
development  of  the  autoimmune  disease.  Conversely,  resistance 
to  the  disease  was  found  to  be  associated  with  the  inheritance  of 
an  HLA-DQ  allelic  form  with  an  aspartic  residue  at  the  same 
position  (Asp57).  The  importance  of  this  amino  acid  change  has 
to  do  with  the  physical  structure  of  the  non-Asp57  alleles 
constituting  class  II  molecules  with  a  permissive  groove  [35]. 
MHC  class  II  molecules  are  expressed  in  the  thymus  where, 
anchored  in  the  cell  membrane  of  antigen-presenting  cells  or 
thymic  epithelial  cells,  constitute  pockets  containing  self-antigens 
to  be  presented  to  developing  T-cell  clones.  The  interaction 
between  TCR  and  MHC/self-antigen  complex  forms  the  basis  of 
central  tolerance.  In  the  instance  where  the  developing  thymocyte 
interacts  strongly  with  the  MHC/self-antigen  complex,  it  will 
undergo  an  intrinsic  suicide  program  (i.e.  negative  selection). 
This  mechanism  of  central  selection  ensures  that  the  only  adult 
T-cells  let  go  into  the  periphery  are  those  that  do  not  react  to  self¬ 
antigens.  Indeed,  the  thymus  is  now  known  to  express  a  wide  array 
of  self-antigens  including  insulin,  thyroperoxidase,  thyroglobulin, 
myelin  basic  protein  (all  of  which  are  produced  by  cells  targeted  in 
a  number  of  autoimmune  disorders  including  T1DM,  Hashimo- 
to’s  thyroiditis  and  multiple  sclerosis;  [36]).  On  the  contrary, 
developing  thymocytes  that  do  not  efficiently  interact  with  the 
self-peptide  present  in  the  combining  site  of  the  MHC  molecule 
will  exit  the  thymus  and  eventually  constitute  the  “mature”  adult 
T-cell  repertoire.  At  some  point  in  an  individual’s  lifetime,  the 
mature  T-cells  will  be  engaged  by  an  APC  in  the  periphery  and 
eventually  with  a  foreign  invader.  The  absence  of  Asp57  changes 
the  MHC  molecule  (e.g.,  HLA-DQ8)  antigen  binding  site  in  a  way 
that  self-antigens  may  be  incorrectly  positioned,  thus  an  impaired 
presentation  to  T-cells  occurs  reducing  the  efficiency  of  thymic 
negative  selection  against  possibly-autoreactive  T-cell  clones 
[35,37].  The  structural  feature  that  characterizes  HLA-DQ8  in 
T1DM  susceptibility  in  humans  is  identical  to  the  homologous 
molecule  I-Ag7  present  in  the  NOD  mouse  strain  [38]. 

The  importance  of  the  MHC  and  the  thymic  antigen- 
presenting  environment  was  confirmed  in  many  different  studies: 

1)  in  transgenic  NOD  mice  that  express  class  II  genes  other  than 
I-Ag7,  the  mice  were  shown  to  be  refractory  to  diabetes  [39,40]; 

2)  autoimmunity  was  prevented  in  NOD  mice  by  transplanting  all 
or  part  of  bone  marrow  cells  derived  from  diabetes  resistant  strains 
[10,11,41,42].  Instead  of  relying  on  allogeneic  bone  marrow 
transplantation,  Tian  et  al.  successfully  prevented  diabetes  in  NOD 
mice  by  reconstituting  sublethally-irradiated  NOD  mice  with  its 
own  bone  marrow  cells  genetically-engineered  ex  vivo  to  express 
a  resistance  MHC  class  II  (3  chain  [8].  The  reconstituted  mice 
possessed  bone  marrow-derived  cells  that  coexpressed  both  their 
own  diabetogenic  I-Ag7  and  the  transfected  non-Asp57  (3  chain. 
They  were  diabetes-free  without  the  need  of  immunosuppressive 
dmgs.  The  authors  suggested  a  mechanism  whereby  thymus  was 
repopulated  by  the  engineered  bone  marrow  cells  which 
differentiated  into  APC  promoting  proper  negative  selection  due 
to  the  stronger  affinity  of  the  TCR  for  the  self-antigen  bound  to 
the  newly-expressed  MHC  molecule  versus  the  I-Ag7,  thus 
eliminating  T-cells  potentially  autoreactive  to  (3  cells  [43].  This 
approach  may  be  transferable  to  clinical  trials  in  the  near-future 
once  alternatives  to  sublethal  irradiation  are  found.  They  could 


consist  of  myeloablating  dmgs  or  antilymphocyte  globulins  like 
anti-CD3/CD8,  used  to  induce  bone  marrow  chimerism  in  mice 

[44] . 

3.2.  Restoration  of  peripheral  tolerance 

3.2.1.  Dendritic  cells  as  Trojan  horses 

Classically  thought  of  as  a  T-cell-driven  disease,  much  of  the 
initial  effort  to  prevent  progression  of  T1DM  aimed  to  target  the 
T-cells.  Various  immunosuppressive  agents  were  used  to 
extinguish  the  inflammatory  process  including  azathioprine 

[45] ,  prednisone  [46],  and  cyclosporine  [47],  resulting  in  short¬ 
term  preservation  of  insulin  production  unfortunately  associated 
with  a  significant  toxicity  for  the  patients.  This  kind  of  approach 
was  better  tolerated  once  an  anti-CD3  antibody  was  used  to 
prevent  and  reverse  new-onset  T1DM.  Indeed,  this  therapy  is 
now  in  phase  II  clinical  trials  [9].  CD3  is  part  of  the  TCR 
signaling  complex  on  T-cells  involved  in  transduction  of  the 
activating  signals  to  the  cytoplasm  of  the  T-cell,  when  antigen 
binds  to  the  TCR.  Although  unclear,  one  of  the  proposed 
corollary  mechanisms  that  provide  a  protracted  effect  of  the 
antibody-based  therapy  involves  the  activation  of  CD4+  CD25+ 
T  regulatory  cells  [48].  Since  the  native  form  of  anti-CD3 
antibodies  is  highly  toxic  in  humans,  the  synthesis  of  two 
modified  proteins  (hOKT3 1  and  ChAglyCD3)  permitted  to  test 
this  approach  in  several  clinical  trials  [9,49].  Reversibility  of  new- 
onset  T1DM  by  immunomodulation  was  demonstrated  and 
residual  (3  cell  mass  was  rescued  [50].  More  recently,  Voltarelli 
and  colleagues  demonstrated  a  prolongation  of  the  “honeymoon” 
period  (i.e.,  the  limited  in  time  re-establishment  of  gylcemia 
immediately  following  the  clinical  onset  of  the  disease)  by 
treating  new-onset  diabetics  with  autologous  hematopoietic  stem 
cells  following  non-myeloablative  preparation  of  the  patients 
[51].  However,  all  these  approaches  have  limits:  1)  safety  is  the 
fist  concern:  risks  from  T-cell  depletion  and  a  cytokine  release 
“storm-like”  symptoms;  2)  some  patients  were  not  responsive; 

3)  the  majority  of  patients  eventually  became  refractory  to  the 
treatment  and  T1DM  reappeared.  Despite  these  limitations,  these 
studies  now  pave  the  way  to  rescue  residual  (3  cell  mass  as  a 
means  of  “reversing”  the  disease  through  intervening  in  the 
autoimmune  process  and  cell  networks. 

The  central  role  of  DC  in  the  immune  process  and  their 
capacity  to  shape  T-cell  responses  has  recently  promoted  a  new 
field  of  immunotherapeutics  including  cancer  immunotherapy 
and  autoimmunity.  Clare-Salzler  et  al.  first  used  DCs  to  prevent 
T1DM  in  NOD  mice  [52].  These  investigators  conferred 
protection  to  NOD  mice  by  transferring  DCs  obtained  from 
pancreatic  lymph  nodes  of  older  syngeneic  donors.  Feili-Hariri 
et  al.  observed  similar  results  in  NOD  recipients  of  bone  marrow- 
derived  syngenic  DC  [53]  and  more  recently  autoimmune 
diabetes  was  prevented  in  NOD  mice  by  transferring  myeloid 
progenitor  cells  expanded  in  vitro  but  inhibited  in  the  terminal 
DC  differentiation  steps.  The  latter  was  obtained  by  culturing 
bone  marrow  (BM)  in  granulocyte  macrophage  colony-stimulat¬ 
ing  factor  (GM-CSF)  and  transforming  growth  factor- (3  1  [54]. 
Others  obtained  similar  results  employing  DC  induced  by  vitamin 
D  receptor  [55]  or  pulsed  ex  vivo  with  disease-specific-antigens 
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[56]  or  non-disease-specific  proteins  such  as  gamma-globulin 

[57] .  In  our  group,  Machen  et  al.  used  antisense  oligodeoxribo- 
nucleotides  (AS-ODN)  targeting  the  CD40,  CD80  and  CD86 
primary  transcripts  to  impair  the  expression  of  these  genes  and  the 
presentation  of  the  encoded  molecules  at  the  surface  of  NOD- 
derived  DC.  In  the  absence  of  a  substantial  interaction  between 
these  three  key  costimulatory  molecules  on  DC  (CD80/86  or 
CD40)  and  their  co-receptors  on  putatively  autoreactive  T-cells 
(CD28  or  CD  152,  respectively),  T-cell  engaged  in  antigen 
presentation  undergo  functional  silence  (anergy)  or  are  primed 
for  apoptosis  (Fig.  3).  Furthermore,  multiple  injections  of  AS- 
ODN-treated  DCs  into  NOD  mice  were  able  to  maintain  the 
animals  diabetes  free  without  affecting  the  overall  T-cell  activity 
against  alloantigens  [58].  An  additional  mechanism  shared  by  all 
the  DC-based  interventions  is  that  the  host  exhibits  increased 
numbers  of  CD4+  CD25+  putative  T  regulatory  cells  which  alone 
have  been  shown  to  prevent  T1DM  or  via  redirection  of  TH1  to 
TH2-type  responses  [59].  The  promising  results  obtained  by 
using  AS-ODN  targeting  the  costimulatory  signals  in  DC’s,  and 
the  low  risk  of  the  procedure,  have  enabled  us  to  proceed  with  a 
phase  I  clinical  trial  approved  by  the  Food  and  Drug  Admin¬ 
istration  (FDA). 

Our  group  has  recently  developed  an  alternative  strategy, 
targeting  migratory  DC  in  vivo  by  injection  subcutaneously  of 
microcapsules  containing  AS-ODN.  It  is  anticipated  that 
migratory  DC  will  acquire  the  microcapsules  with  the  AS-ODN 
and  will  undergo  the  same  phenotypical  changes  required  to 
acquire  a  “diabetes-suppressive”  feature  as  they  do  following  ex 
vivo  AS-ODN  exposure  and  uptake.  The  microcapsules  may  be  a 
simpler,  yet  still  effective  treatment,  bypassing  the  cumbersome 
aphaeresis  procedure  necessary  to  obtain  autologous  DC  to  be  re¬ 
injected  as  engineered  DC’s  into  the  diabetic  donor,  who  this 


way  also  becomes  the  recipient  (N.G.  and  M.T.,  manuscript 
submitted). 

4.  Restoration  of  3  cell  mass 

Abrogation  of  autoimmunity  without  an  adequate  residual 
p>  cell  mass  will  not  restore  normoglycemia.  Therefore,  methods 
of  reconstituting  normal,  physiologic  insulin  production  must  be 
part  of  any  therapy  aimed  at  restoring  normoglycemia.  Trans¬ 
plantation  of  (3  cells  in  the  form  of  allografts  has  historically  been 
the  proposed  method  that  recently,  in  the  form  of  allogeneic  islet 
transplantation,  has  entered  the  clinic  [60-62].  In  2000,  Shapiro 
and  colleagues  made  islet  transplantation  a  viable  clinical  reality 
largely  by  using  a  steroid-free  immunosuppression  cocktail  [63]. 
Despite  the  initial  enthusiasm,  and  the  positive  outcomes  in  a  high 
percentage  of  patients,  after  5  years  of  follow  up,  less  than  10%  of 
the  treated  patients  remained  insulin-independent  [64]. 

Although  one  may  suggest  modifications  to  existing  immu¬ 
nosuppressive  drug  cocktails,  almost  all  currently-approved 
agents  exhibit  toxic  side  effects.  The  immunosuppressive  dmgs 
necessary  to  avoid  allorejection  are  toxic  not  only  to  the  recipient 
kidney  but  also  to  the  transplanted  (3  cells  themselves  [65]. 
Furthermore,  the  need  to  use  multiple  cadaveric  donors  are  not 
only  associated  with  considerable  logistic  and  ethical  impedi¬ 
ments,  but  also  with  the  consequent  immunization  of  the  recip¬ 
ients  against  a  variety  of  HLA  alleles  making  an  eventually- 
needed  kidney  transplant  virtually  impossible. 

An  alternative  has  been  to  engineer  intact  islets  ex  vivo  with 
gene  delivery  vectors  encoding  cytoprotective,  immunomodula¬ 
tory  genes.  The  limitations  to  this  approach  are  the  recipient’s 
immune  responses  to  the  vector  and  the  requirement  for  multiple 
gene  delivery  [66]. 
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Fig.  3.  In  the  absence  of  a  substantial  interaction  between  CD80  and  CD86  costimulatory  molecules  on  DC  and  CD28  coreceptor  on  putatively  autoreactive  T-cells, 
T-cell  engaged  in  antigen  presentation,  undergo  functional  silence  (anergy)  or  apoptosis.  Additionally,  all  DC-based  interventions  seem  to  induce  expansion  of 
T  regulatory  cells  clones.  The  result  is  the  acquisition  of  a  new  equilibrium  in  the  dynamic  autoreactive  process  that  ensures  a  “diabetes  protective”  phenotype  and 
further  destruction  of  (3  cells  will  be  prevented. 
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Taken  together,  all  these  factors  necessitate  the  identification 
of  methods  to  grow  (3  cells  or  their  surrogates  in  vitro  or  in  vivo  in 
a  manner  that  “expands”  progenitors  into  bona  fide  insulin- 
secreting  cells. 

A  number  of  efforts  have  recently  been  aimed  at  finding 
optimal  methods  of  generating  insulin  producing  cells  ex  vivo 
from  multiple  progenitors  which  eventually  become  suitable  for 
transplantation  [67].  In  particular  much  attention  has  been 
directed  upon  stem  cells.  D’ Amour  et  al.  recently  reported  a 
five-step  protocol  able  to  convert  human  embryonic  stem  cells 
into  insulin  producing  cells  [68].  Although  the  latter  cells  do  not 
release  insulin  functionally  in  a  physiologic  way  (e.g.  under 
glucose  stimulation),  this  represent  a  remarkable  progress  towards 
the  achievement  of  an  inexhaustible  source  of  (3  cells  that  could 
substitute  the  limited  pool  obtained  from  human  cadaveric 
donors. 

T1DM  pathogenesis  is  a  dynamic  process.  Once  self-tolerance 
is  lost  and  (3  cells  begin  to  be  destroyed,  the  system  reaches  a  new 
equilibrium  in  which  the  newly-differentiated  (3  cells  are  in  turn 
eliminated  by  the  ongoing  autoimmune  process.  The  demonstra¬ 
tion  of  persisting  autoreactive  T-cells  in  diabetic  patients,  even 
after  a  long  time  from  diabetes  onset,  shows  that  latent  auto¬ 
reactive  T-cells  can  be  sensitized  upon  in  vivo  regeneration  of 
(3  cells  from  progenitors.  It  was  shown  that  healthy  islets 
transplanted  into  syngenic  long-term  diabetic  mice  or  from  the 
healthy  to  the  diabetic  monozygotic  twin  were  quickly  eliminated 
by  autoreactive  T-cells  [69].  Thus,  any  physiologic  reparative 
attempt  to  regenerate  the  lost  (3  cells  will  eventually  be  defeated 
by  the  more  effective  autoimmune  attack. 

Evidence  of  (3  cell  regeneration  promoted  by  bone  marrow  or 
stem  cell  allotransplantation  in  new-onset  disease  NOD  mice  has 
been  observed  by  several  groups  [10,11,70].  In  support  are  three 
recent  publications  where  in  diabetic  NOD  mice,  abrogation  of 
autoimmunity  by  spleen  cell  transplantation  in  the  presence  of 
Freund’s  complete  adjuvant  resulted  in  (3  cell  regeneration  which 
was  capable  of  normalizing  hyperglycemia  and  to  reverse  the 
disease  [71-73].  While  it  remains  debatable  whether  bone 
marrow  or  spleen  cells  themselves  promote  the  regenerative 
process,  the  recipient  origin  of  the  newly  generated  (3  cell  was 
confirmed  in  these  studies  just  as  our  group  had  previously 
demonstrated  [10]  as  had  others  [10]. 

A  germane  question  regards  the  source  of  the  regenerating 
(3  cells.  Cell  lineage  tracing  studies  in  transgenic  mice  revealed 
that  the  endoderm  provides  the  progenitor  cell  populations  which 
eventually  migrate  into,  or  develop  into  pancreatic  parenchyma 
including  structures  like  the  pancreatic  ducts,  acini  and  the  islets 
[74]. 

Indeed,  a  large  body  of  evidence  supports  the  hypothesis  that 
adult  pancreas  possesses  stem  cells  capable  of  differentiating  into 
endocrine  cells.  These  endocrine  progenitors  may  be  located 
close  to  the  duct  without  being  components  of  the  ductal 
epithelium.  Experiments  performed  by  Seaberg  et  al.  [75]  and 
Suzuky  et  al.  [76]  demonstrated  the  potential  of  a  single  murine 
adult  pancreatic  precursor  cell  to  generate  daughter  cells  with 
characteristics  of  pancreatic  cells,  including  (3  cells.  One 
interpretation  is  that  precursor  “stem”  cells  normally  present 
during  embryonic  development  persist  in  adult  tissues.  The 


putative  progenitor  cells  could  be  mesenchymal  in  origin,  or 
derive  from  a  dedifferentation  of  an  epithelial  cell  [77-79]. 
Conclusions  and  interpretations  from  these  studies  must  be 
balanced  by  the  observations  made  by  Dor  et  al.  [80].  These 
investigators  presented  evidence  that  in  mice,  the  already  existing 
(3  cells  are  able  to  regulate  their  own  homeostasis  by  self¬ 
duplication,  expanding  themselves  when  necessary.  Their  data 
apparently  did  not  support  the  existence  of  endocrine  “stem”  cells 
capable  of  differentiation  inside  adult  pancreas.  The  obvious 
question  that  arose  from  the  studies  of  Dor  and  colleagues  is 
whether  human  adult  endocrine  cells  also  possess  an  intrinsic 
capacity  to  self-duplicate  under  certain  conditions  and  whether 
abrogation  of  autoimmunity  in  T1DM  might  relieve  impediments 
to  such  endocrine  cell  division.  Indeed,  if  this  process  was  viable 
in  adult  humans,  would  it  be  amenable  to  in  vivo  manipulation  to 
expand  existing  residual  (3  cell  mass  to  reconstitute  euglycemia? 

Meier  et  al.  analyzed  pancreatic  sections  from  42  T1DM 
patients  with  different  duration  of  the  disease  to  ascertain  the 
presence  of  (3  cells.  Beta  cells  were  identified  in  88%  of  sections 
which  also  exhibited  evidence  of  ongoing  apoptosis.  The 
suggestion  was  made  that  the  presence  of  (3  cells  despite  ongoing 
apoptosis  was  indirect  evidence  of  an  active  regeneration  process 
[81].  Direct  evidence  of  (3  cell  replication  was  suggested  by  the 
same  group  when  pancreas  tissue  from  a  lean  89-year-old  patient 
with  recent-onset  type  1  diabetes  was  examined  [82].  It  is  quite 
likely  that  the  ability  of  (3  cells  to  regenerate  may  be  more 
efficient  during  the  early  stages  of  autoimmunity  when  the 
insulitis  is  not  dense,  therefore  explaining  why  some  immuno- 
modulation  interventions  are  most  successful  in  patients  exhibit¬ 
ing  suboptimal  (but  not  abnormally  low)  C-peptide  levels  [83]. 

5.  Conclusions 

The  search  for  a  definitive  cure  for  T1DM  is  being  pursued 
vigorously  by  the  scientific  community.  A  wide  variety  of 
strategies  has  been,  and  continues  to  be  employed  to  restore 
physiologic  insulin  production  in  diabetic  patients.  An  important 
milestone  to  be  reached  is  the  restoration  of  self-tolerance  along 
with  the  discovery  of  insulin-producing  cell  surrogates.  Promis¬ 
ing  results  from  animal  models  demonstrate  that  the  immune 
system  can  be  modulated  in  a  way  that  “diabetes-suppressive” 
status  is  possible.  Self-tolerance  re-establishment  can  be  targeted 
to  central  or  peripheral  cell  networks  and  molecular  pathways. 
Some  of  these  strategies  are  readily  translatable  to  the  clinic  and 
others  are  already  in  safety  and  efficacy  clinical  trials.  As  self¬ 
tolerance  is  re-established,  it  will  be  possible  to  restore 
normoglycemia  by  preservation  of  endogenous  (3  cell  mass 
where  an  adequate  amount  remains  in  new-onset  disease  or  to 
restore  physiologic  glucoregulation  by  transplantation  of  surro¬ 
gate  insulin-producing  cells  or  induction  of  regeneration  of 
undifferentiated  endocrine  cell  precursors  in  vivo. 
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Abstract 

Aims /hypothesis  Attempts  to  use  an  alternative  source  of 
islets  to  restore  glucose  homeostasis  in  diabetic  patients 
require  preclinical  islet  xenotransplantation  models  to  be 
tested.  These  models  raise  questions  about  metabolic  com¬ 
patibility  between  species  and  the  most  appropriate  metabolic 
parameters  to  be  used  to  monitor  graft  function.  The  present 
study  investigated  and  compared  relevant  gluco-metabolic 
parameters  in  pigs,  monkeys  and  the  pig-to-monkey  islet 
transplantation  model  to  gain  insight  into  the  potential  clinical 
outcome  of  pig-to-human  islet  transplantation. 

Methods  Basal  and  I VGTT- stimulated  blood  glucose,  C- 
peptide,  insulin  and  glucagon  levels  were  assessed  in  non¬ 
diabetic  pigs  and  monkeys.  The  same  parameters  were  used 
to  evaluate  the  performance  of  porcine  islet  xenografts  in 
diabetic  monkeys. 

Results  Non-diabetic  cynomolgus  monkeys  showed  lower 
levels  of  fasting  and  stimulated  blood  glucose  but  higher 
levels  of  C-peptide  and  insulin  than  non-diabetic  pigs.  The 
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reported  levels  in  humans  he  between  those  of  monkeys 
and  pigs,  and  differences  in  metabolic  parameters  between 
pigs  and  humans  appear  to  be  smaller  than  those  between 
pigs  and  cynomolgus  monkeys.  The  transplantation  data 
indicated  that  the  degree  of  graft  function  (evaluated  by  the 
measurement  of  C-peptide  levels)  necessary  to  normalise 
blood  glucose  in  the  recipient  was  determined  by  the 
recipient  levels  rather  than  by  the  donor  levels. 
Conclusions/interpretation  The  differences  between  donor 
and  recipient  species  may  affect  the  transplantation  outcome 
and  need  to  be  considered  when  assessing  graft  function  in 
xenotransplantation  models.  Given  the  differences  between 
monkeys  and  humans  as  potential  recipients  of  pig  islets,  it 
should  be  easier  to  reach  glucose  homeostasis  in  pig-to-human 
than  in  pig-to-non-human  primate  islet  xenotransplantation. 

Keywords  Diabetes  •  Non-human  primates  • 

Pancreatic  islets  •  Pigs  •  Xenotransplantation 

Abbreviations 

ACRArg 

AIRArg 
AST 

GGTA1-DKO 
Kg 
MMT 


Introduction 

Despite  the  partial  success  of  clinical  islet  allotransplanta¬ 
tion  in  long-term  follow-up,  patients  with  type  1  diabetes 
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GGTA1  double-knockout 
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may  benefit  from  islet  cell  replacement  therapy  [1].  If  less 
aggressive  yet  effective  immunosuppressive  protocols  were 
found,  islet  transplantation  could  become  a  valid  therapeu¬ 
tic  alternative  to  insulin  injections.  The  source  of  human 
islets  for  transplantation,  however,  remains  limited.  The  use 
of  animal  islets,  such  as  from  the  pig,  offers  a  possible 
alternative  that  deserves  consideration.  As  a  preclinical 
experimental  model,  pig  islet  transplantation  in  non-human 
primate  recipients  is  currently  under  investigation  by 
different  groups  [2-4]. 

Intraportal  injection  of  porcine  islets,  as  recently  reported 
by  the  groups  of  Larsen  and  Hering,  allows  a  period  of 
insulin  independence  in  immunosuppressed  diabetic  mon¬ 
key  recipients  [2,  3].  This  model  represents  a  good 
prototype  to  study  the  immunological  aspects  of  islet 
xenotransplantation.  However,  as  islet  recipients,  monkeys, 
in  particular  cynomolgus  monkeys  ( Macaca  fascicular  is), 
display  metabolic  peculiarities  which  are  only  partially 
characterised  [5-8].  Pigs,  as  a  source  of  islet  grafts,  show  a 
metabolic  performance  in  vivo  and  in  vitro  which  differs 
dramatically  from  that  of  monkeys  [9-11].  These  differ¬ 
ences  should  be  taken  into  consideration  when  engaging  in 
xenotransplantation  studies. 

Successful  pig-to-monkey  islet  xenotransplantation  makes 
it  possible  to  investigate  how  these  differences  influence  the 
glucose  metabolism  of  this  combined  model  and  to  directly 
assess  the  behaviour  of  islets  characterised  by  different 
functionalities  within  their  physiological  environment. 

The  aims  of  the  present  study  were  to  define  the 
metabolic  compatibility  between  pigs  and  cynomolgus 
monkeys,  to  determine  how  it  influences  the  pig-to-monkey 
islet  transplantation  model,  and,  more  importantly,  to  help 
predict  the  performance  of  the  islet  graft  based  on  the 
recipient’s  metabolic  demand.  Our  data  suggest  that 
xenogeneic  pig-to-human  grafting  has  greater  potential  for 
success  than  pig-to-cynomolgus  monkey  grafting. 

Methods 

Animals  Twenty  healthy  male  cynomolgus  monkeys 
( Macaca  fascicularis;  Spring  Scientific,  Perkasie,  PA, 
USA),  2—4  years  of  age  and  weighing  2. 4-4. 7  kg  (median 
3.6  kg),  were  studied.  Catheters  were  placed  into  the 
jugular  vein,  carotid  artery  and  stomach. 

Seven  wild-type  outbred  Large  White  female  pigs  (Wally 
Whippo,  Enon  Valley,  PA,  USA),  2-3  months  of  age  and 
weighing  12-35  kg  (median  24  kg)  were  used  for  metabolic 
studies.  Two  jugular  vein  catheters  were  placed  for  blood 
withdrawal  and  drug  infusion. 

For  islet  isolation  we  used  pancreases  from  wild-type  large 
white  adult  female  pigs  (Wally  Whippo)  and  adult  female  pigs 
that  were  double-knockouts  for  GGTA1 ,  which  encodes  oc  1, 


3-galactosyltransferase  gene  (GGTA1 -DKO  pigs;  Revivicor, 
Blacksburg,  VA,  USA)  [12],  all  weighing  >180  kg. 

All  procedures  were  in  accordance  with  the  Principles  of 
Laboratory  Animal  Care  (National  Society  for  Medical 
Research)  and  the  Guide  for  the  Care  and  Use  of 
Laboratory  Animals  (NIH  publication  No.  86-23,  revised 
1985),  and  were  approved  by  the  University  of  Pittsburgh 
Animal  Care  and  Use  Committee. 

Metabolic  parameters  Blood  glucose  (mmol/1)  was  mea¬ 
sured  in  whole  blood  with  a  portable  glucometer  (Freestyle; 
Abbott  Laboratories,  Abbott  Park,  IL,  USA).  Serum  levels 
of  porcine  and  primate  C-peptide  (nmol/1)  were  measured 
by  radioimmunoassay  (Linco  Research,  St  Charles,  MO, 
USA)  using  species-specific  antibodies.  Aprotinin 
0.05  kIU/1  (Trasylol;  Bayer  Pharmaceuticals,  West  Haven, 
CT,  USA)  was  added  at  the  time  of  sampling.  Primate  and 
porcine  insulin  levels  (pmol/1)  in  plasma  or  serum  were 
measured  by  ELISA  using  species-specific  assays  (Mercodia, 
Uppsala,  Sweden).  Glucagon  (pmol/1)  was  measured  in  serum 
by  radioimmunoassay  (Linco  Research). 

To  summarise  the  metabolic  status  of  each  monkey 
before  induction  of  diabetes,  after  induction  of  diabetes, 
and  after  islet  transplantation  until  euthanasia  or  until  vas¬ 
cular  catheters  were  removed  (8-120  days  after  transplanta¬ 
tion),  we  recorded  (1)  mean  blood  glucose  (mmol/1);  (2)  the 
prevalence  of  blood  glucose  readings  >11.1  mmol/1  (%); 
(3)  the  mean  exogenous  insulin  requirement  (IU  kg-1  day-1); 
and  (4)  mean  porcine  C-peptide  levels. 

Intravenous  glucose  tolerance  test  After  an  overnight  fast, 
0.5  g/kg  of  a  25%  dextrose  solution  was  infused  i.v.  over 
1  min.  Blood  glucose  was  measured  in  the  monkeys  before 
and  2,  5,  15,  30,  60  and  90  min  after  infusion.  Insulin,  C- 
peptide  and  glucagon  were  measured  before  and  5,  15  and 
90  min  after  infusion.  In  the  pigs,  blood  glucose,  C-peptide, 
insulin  and  glucagon  were  measured  before  and  5,  15,  30, 
60  and  120  min  after  glucose  infusion. 

IVGTTs  were  performed  in  seven  non-diabetic  monkeys, 
five  diabetic  monkeys,  four  diabetic  monkey  recipients  of 
functional  porcine  islet  grafts,  and  seven  non-diabetic  pigs. 
The  glucose  disappearance  rate  (^/G),  which  represents  the 
log-linear  (In)  decline  in  the  glucose  level  during  the  first 
30  min  of  the  IVGTT,  was  calculated  using  the  following 
formula  [13]: 

^G=[ln(glucose  level  at  5  min)— ln(glucose  level  at  30  min)/25] 
x  100. 

The  mean  of  the  ratios  between  C-peptide  and  insulin 
values  at  5  and  15  min  was  expressed  as  a  fold  increase 
over  the  prechallenge  value  (time  0). 
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Oral  glucose  tolerance  test  Tests  were  performed  in  eight 
non-diabetic  and  two  diabetic  monkeys.  After  an  overnight 
fast,  2  g/kg  of  glucose  in  a  50%  dextrose  solution  was 
administered  through  the  indwelling  gastric  catheter.  Blood 
glucose  was  measured  before  and  15,  30,  60  and  90  min 
after  the  infusion.  Primate  C-peptide,  insulin  and  glucagon 
were  measured  before  and  15,  30,  and  90  min  after  glucose 
infusion. 

Arginine  stimulation  test  Arginine  stimulation  tests  (ASTs) 
were  performed  in  seven  non-diabetic  and  seven  diabetic 
monkeys.  After  an  overnight  fast,  70  mg/kg  of  10%  arginine 
solution  (Pharmacia  &  Upjohn  Company,  Kalamazoo, 
MI,  USA)  was  administered  and  i.v.  samples  were  drawn 
before  and  2,  3,  4  and  5  min  after  the  infusion  for 
measurement  of  blood  glucose,  C-peptide,  insulin  and 
glucagon  levels.  The  acute  insulin  response  (AIRArg)  and 
the  acute  C-peptide  response  (ACRArg)  after  the  arginine 
stimulus  were  calculated  as  the  difference  between  the 
mean  at  2,  3,  4  and  5  min  after  stimulus  and  the 
corresponding  prechallenge  value  of  C-peptide  and  insulin 
[14,  15]. 

Mixed  meal  test  Mixed  meal  tests  (MMTs)  were  performed 
in  three  non-diabetic  and  three  diabetic  monkeys.  After  an 
overnight  fast,  a  mixed  meal  (four  Purina  biscuits  +  half  an 
apple  [carbohydrate  30  g,  fat  4  g,  protein  6  g])  was 
administered  orally,  and  serum  samples  were  taken  before 
and  60  and  120  min  after  the  meal  for  determination  of 
blood  glucose,  C-peptide,  insulin  and  glucagon  levels. 

Induction  of  diabetes  Diabetes  was  induced  in  ten  monkeys 
by  i.v.  injection  of  streptozotocin  125-150  mg/kg  (Zanosar; 
Sicor  Pharmaceuticals,  Irvine,  CA,  USA)  in  a  single  dose, 
as  described  in  [16]. 

Diabetes  was  confirmed  by  persistent  hyperglycaemia 
(>11.1  mmol/1  on  at  least  two  occasions)  and  by  the  need 
for  insulin  to  prevent  ketosis  [17].  IVGTTs,  OGTTs,  ASTs 
and  MMTs  were  performed  8-35  days  (median  11  days) 
after  induction  of  diabetes.  Immunohistochemical  analyses 
of  pancreatic  sections  from  four  diabetic  monkeys  showed 
<1%  of  insulin-positive  cells  compared  with  -70%  of 
insulin-positive  cells  in  healthy  controls,  as  reported 
previously  [16]. 

Diabetic  monkeys  were  treated  by  continuous  i.v. 
infusion  of  insulin  (Humulin  R;  Eli  Lilly,  Indianapolis, 
IN,  USA)  to  maintain  the  blood  glucose  level  <11.1  mmol/1 
and  to  prevent  the  development  of  ketosis.  Insulin  therapy  was 
stopped  1.5  h  before  stimulation  tests. 

Porcine  islet  isolation  and  transplantation  into  monkeys 
Nine  monkeys  underwent  porcine  islet  transplantation. 
Porcine  islets  were  isolated  and  purified  according  to  a 


standard  procedure  that  involved  low  enzyme  concentra¬ 
tion,  low  digestion  temperature  and  minimal  mechanical 
digestion  [18].  The  overall  quality  of  the  islet  preparations 
was  evaluated  as  described  in  [18]:  viability  was  >95%, 
purity  82.1  ±4.5%  (ft =5)  islets/whole  tissue,  and  the  mean 
stimulation  index  was  4.6±1.7  (ft=5).  A  total  of  40,000- 
100,000  islet  equivalents  (IEq)/kg  was  infused  into  the 
portal  vein  under  direct  vision  at  laparotomy  under  general 
anaesthesia.  Transplantation  was  performed  at  least  2  weeks 
after  diabetes  induction  (range  15-71  days,  median 
22  days).  Insulin  infusion  was  discontinued  2  h  before  islet 
infusion.  In  three  monkeys  (monkeys  8,  9  and  10),  insulin 
was  administered  at  0.03-0.06  IU  kg-1  h-1  for  3  h  after 
meals  for  2  weeks  following  islet  transplantation  to 
minimise  metabolic  stress  of  the  graft.  Continuous  insulin 
infusion  was  restored  if  blood  glucose  was  consistently 
>11.1  mmol/1. 

The  immunosuppressive  regimen  was  based  on  antithy¬ 
mocyte  globulin  (Thymoglobulin;  Genzyme  Polyclonals, 
Lyon,  France;  10  mg/kg  i.v.  on  days  -3  and  -1), 
costimulatory  blockade  with  a  humanised  anti-CD  154 
monoclonal  antibody  (ABI  793,  a  gift  from  Novartis,  Basel, 
Switzerland;  25  mg/kg  i.v.  at  days  -1,  0,  4,  7,  10  and  14 
and  then  every  5-7  days),  and  mycophenolate  mofetil 
(Cellcept  i.v.  or  oral  suspension;  Roche  Laboratories, 
Nutley,  NJ;  75-150  mg  kg-1  day-1  i.v.  or  twice  daily  orally 
beginning  on  day  -4),  as  previously  described  [4].  They 
also  received  dextran  sulphate  (Fluka  Chemie,  Buchs, 
Switzerland)  2  mg/h  for  5  h  after  transplantation,  aspirin 
40  mg/kg  every  other  day,  and  prostacyclin  (Flolan; 
GlaxoSmithKline,  Research  Triangle  Park,  NC,  USA) 
20  mg  kg-1  min-1  for  5  h  after  transplantation. 

Islet  graft  function  was  monitored  by  measuring  porcine 
C-peptide.  An  IVGTT  was  also  performed  in  monkeys  that 
showed  an  improvement  in  metabolic  control  2  weeks  after 
transplantation  or  when  the  clinical  condition  of  the  animal 
allowed  it  (range  14^15  days  after  transplantation,  median 
27  days). 

Statistical  analyses  Experimental  data  are  presented  as 
means±SE.  Human  data  obtained  from  the  literature  are 
presented  as  the  range  of  values  or  mean  of  the  published 
data  [19,  20].  Student’s  t  test  was  used  to  compare  means. 
For  ease  of  comparison,  human  data  obtained  from  the 
literature  are  reported  in  the  “Results”  section  rather  than  in 
the  “Discussion”. 


Results 

Comparison  of  metabolic  parameters  between  non-diabetic 
monkeys  and  pigs  Fasting  blood  glucose,  C-peptide,  insulin 
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Table  1  Fasting  blood  glucose,  C-peptide,  insulin  and  glucagon  levels  in  monkeys,  pigs  and  humans 

Cynomolgus  monkeys 

Pigs 

Humans 

Blood  glucose  (mmol/1) 

C-peptide  (nmol/1) 

Insulin  (pmol/1) 

Glucagon  (pmol/1) 

2.2-4. 1  (3.2±0.1,  n=29f 

0.47-3.14  (1.39±0.09,  n=31)a 

15-201  (109±11,  n=2lf 

18.7-179.4  (54.3±6.9,  n=21f 

4.0-5.2  (4.8±0.2,  n=7) 

0.11-0.32  (0.16±0.04,  7i=5) 

7-12  (9±1,  ti=3) 

11.3-13.8  (12.5±1.0,  ti=3) 

3. 9-5. 6  [20] 
0.17-0.66  [19] 
34-138  [19] 
5.7-28.7  [19] 

Data  are  ranges,  with  means±SE  and  number  of  measurements  in  parentheses.  Human  data  were  obtained  from  the  literature  and  were  measured  in 
venous  plasma  [19,  20].  C-peptide,  insulin  and  glucagon  levels  in  monkeys  were  significantly  higher  than  corresponding  levels  in  the  pig,  while 
blood  glucose  levels  in  monkeys  were  significantly  lower  than  those  in  pigs  (monkey  vs  pig,  a/?<0.001;  hp= 0.021) 


and  glucagon  values  in  monkeys,  pigs  and  humans  are 
presented  in  Table  1 .  Blood  glucose  in  fasting  non-diabetic 
monkeys  ranged  from  2.2  to  4.1  mmol/1  and  was 
significantly  lower  than  the  corresponding  values  in  pigs 
(4.0-5.2  mmol/1;  /?<0.001).  Mean  serum  C-peptide  and 
insulin  values  in  monkeys  were  ten  times  higher  than  in 
pigs  (C-peptide,  1.39±0.09  nmol/1  in  monkeys  vs  0.16± 
0.04  nmol/1  in  pigs,  /?<0.001;  insulin,  109±11  pmol/1  in 
monkeys  vs  9±1  pmol/1  in  pigs,  />=0.01).  Fasting  glucagon 
values  were  significantly  higher  (p= 0.001)  in  monkeys 
(18.7-179.4  pmol/1)  compared  with  pigs  (11.3-13.8  pmol/1). 

The  data  for  healthy  monkeys  were  also  compared  with 
the  human  data  to  better  characterise  similarities  and 
differences  that  may  help  in  predicting  the  metabolic 
performance  of  pig  islets  if  considered  for  xenotransplanta¬ 
tion  in  humans,  even  though  the  comparisons  are  limited  by 
the  difference  in  the  testing  conditions.  Human  fasting 
blood  glucose  values  (Table  1)  [20]  appeared  to  be  higher 
than  those  in  monkeys,  even  after  correction  for  the  type  of 
sample  tested  (i.e.  whole  blood  in  monkeys  and  plasma  in 
humans)  [21-23].  Human  C-peptide  [19]  were  consistently 
lower  than  monkey  C-peptide  levels  and  resembled  the 
values  seen  in  the  pigs.  The  range  of  human  glucagon 
levels  [19]  was  lower  than  that  in  the  monkeys,  and  again 
more  closely  resembled  levels  in  the  pigs. 

Figure  1  shows  the  differences  in  blood  glucose,  C- 
peptide,  insulin  and  glucagon  values  between  monkeys  and 
pigs  after  an  i.v.  glucose  stimulus.  Elicited  insulin  secretion 
was  able  to  reduce  blood  glucose  values  in  both  monkeys 
and  pigs  (Fig.  la).  However,  after  the  initial  rise,  blood 
glucose  fell  more  slowly  in  pigs  than  in  monkeys,  as  indicated 
by  lower  KG  values  [monkeys,  3.27-8.22  mmol  1_1  min-1 
(mean  6.17  mmol  F1  min-1);  pigs,  2.75-6.70  mmol  F1  min-1 
(mean  3.64  mmol  F1  min-1);  p= 0.04]. 

As  expected,  the  absolute  C-peptide  and  insulin-stimulated 
values  were  higher  in  monkeys  (mean  at  5  min:  C-peptide 
3 . 1 2  ±  0 . 5  5  nmol/1,  insulin  706 ±  1 64  pmol/1)  than  in  pigs  (mean 
at  5  min:  C-peptide  0.46±0.03  nmol/1,  insulin  25 ±6  pmol/1; 
Fig.  lb,c). 

Nevertheless,  the  fold  increases  in  C-peptide  between 
time  0  and  5  min  and  between  time  0  and  15  min  were 
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Fig.  1  Comparison  of  metabolic  parameters  during  IVGTT  between 
healthy  non-diabetic  monkeys  and  pigs.  Mean±SE  of  blood  glucose 
(a),  C-peptide  (b),  insulin  (c)  and  glucagon  (d)  during  an  IVGTT  in 
non-diabetic  monkeys  (solid  lines)  and  non-diabetic  pigs  (broken 
lines).  (The  SE  is  too  small  to  be  seen  in  the  figure  if  below  10%  of 
the  mean  value).  Blood  glucose  concentrations  decreased  faster  in 
monkeys  than  in  pigs.  The  C-peptide  and  insulin  concentrations  after 
the  stimulus  were  significantly  higher  in  monkeys  than  in  pigs 


4)  Springer 


124 


Diabetologia  (2008)  51:120-129 


respectively  3.2±0.5  and  3.9±0.7  in  pigs,  2.4±0.8  and  2.9± 

1.2  in  monkeys  (Fig.  lb).  The  fold  increases  in  insulin 
between  time  0  and  5  min  and  between  time  0  and  15  min 
were  3.5 ±0.7  and  2.9±0.7  in  pigs,  5.6±1.8  and  4.8±2.1  in 
monkeys  (Fig.  lc). 

Published  data  on  IVGTTs  performed  in  humans  after 
i.v.  injection  of  glucose  at  0.3  or  0.5  g/kg  showed  C-peptide 
and  insulin  levels  intermediate  between  those  of  pigs  and 
monkeys.  The  fold  increases  between  time  0  and  5  min  and 
between  time  0  and  15  min  were  (range)  2. 5-3. 5  and  2.1- 
3.0  respectively  for  C-peptide  and  6.3-11.4  and  4. 0-5.0  for 
insulin  [24-30]. 

In  both  monkeys  and  pigs,  glucagon  fell  after  the 
stimulus  (Fig.  Id);  the  fall  was  more  pronounced  in 
monkeys  than  in  pigs. 

Comparison  of  metabolic  parameters  between  non-diabetic 
and  diabetic  monkeys  The  metabolic  profile  of  the  strepto- 
zotocin-treated  monkeys  was  compared  with  that  obtained 
before  streptozotocin  treatment.  As  expected,  during  the 
IVGTT  the  peak  glucose  concentration  was  significantly 
higher  (p= 0.03,  2  min  after  glucose  infusion)  in  diabetic 
monkeys  than  in  non-diabetic  monkeys  (Fig.  2a).  Thereaf¬ 
ter,  the  glucose  levels  decreased  at  a  slower  rate  in  diabetic 
than  in  non-diabetic  monkeys,  as  shown  by  the  lower  KG 
(mean  1.01  ±0.12  mmol  l-1  min-1,  p< 0.001).  The  C- 
peptide  increase,  seen  in  non-diabetic  monkeys,  was  absent 
in  diabetic  monkeys,  with  a  slight  fall  5  and  15  min  after 
the  glucose  stimulus  (Fig.  2b). 

During  the  OGTT  in  non-diabetic  monkeys,  the  increase 
in  blood  glucose  was  minimal  (mean  4.3  ±0.4  mmol/1  at 
15  min),  whereas  blood  glucose  continued  to  rise  in 
diabetic  monkeys  (Fig.  2c).  In  the  non-diabetic  monkeys, 
C-peptide  (Fig.  2d)  and  insulin  (not  shown)  reached  a 
maximum  at  30  min  (C-peptide  2.71  ±0.45  nmol/1,  insulin 
571  ±158  pmol/1),  whereas  there  was  no  significant  increase 
in  diabetic  monkeys.  From  the  literature,  C-peptide  and 
insulin  concentrations  following  stimulation  in  non-diabetic 
humans  [31]  are  not  very  different  from  those  detected  in 
non-diabetic  monkeys.  In  non-diabetic  monkeys,  the  glu¬ 
cagon  response  was  the  mirror  image  of  the  C-peptide  and 
insulin  responses,  with  the  lowest  point  at  30  min  (25. 1  ± 

9.2  pmol/1;  not  shown). 

During  the  AST  in  non-diabetic  monkeys  (Fig.  2e,f), 
blood  glucose  remained  stable  while  C-peptide  (as  insulin 
and  glucagon)  values  rose  at  2  min  and  then  returned  to 
prestimulus  values  at  5  min.  The  AIRArg  ranged  from  57  to 
328  pmol/1  and  the  ACRArg  ranged  from  0.20  to  0.89  nmol/1. 
Published  data  show  that  the  human  AIRArg  is  higher  than 
the  monkey  AIRArg,  whereas  ACRArg  is  similar  to  that  in 
monkeys;  however,  the  absolute  basal  and  stimulated  values 
are  lower  in  humans  than  in  monkeys  [15,  32,  33].  In 
diabetic  monkeys  during  the  AST,  blood  glucose  remained 
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Fig.  2  Comparison  of  metabolic  parameters  between  non-diabetic  and 
diabetic  monkeys.  Mean±SE  of  blood  glucose  levels  (a,  c,  e,  g)  and 
primate  C-peptide  levels  (b,  d,  f,  h)  during  IVGTT  (a,  b),  OGTT  (c,  d), 
AST  (e,  f)  and  MMT  (g,  h)  in  non-diabetic  (solid  lines)  and  diabetic 
(broken  lines)  monkeys.  (SE  was  not  calculated  when  fewer  than 
three  measurements  were  available).  The  primate  C-peptide  response  to 
physiological  stimuli  was  completely  abolished  in  diabetic  monkeys, 
and  this  was  associated  with  a  prolonged  increase  in  the  blood  glucose 
level 


stable  at  approximately  13.9  mmol/1  and  C-peptide  showed 
no  response  (ACRArg  -0.40-0.02  nmoFl). 

During  the  MMT  (Fig.  2g,h),  in  non-diabetic  monkeys 
blood  glucose  was  stable  and  C-peptide  and  insulin  (not 
shown)  rose  slowly,  with  a  peak  120  min  after  the  meal 
(3.39±0.97  nmol/1  and  611  ±253  pmol/1,  respectively).  In 
diabetic  monkeys,  blood  glucose  rose  to  its  highest  value 
(24.5 ±2.0  mmol/1)  120  min  after  the  meal.  No  increase  in 
monkey  C-peptide  was  seen.  In  non-diabetic  humans,  data 
from  the  literature  show  that  mean  insulin  and  C-peptide 
values  after  meals  increase  but  correspond  to  lower  values 
in  non-diabetic  monkeys  [31,  33,  34]. 
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In  summary,  following  streptozotocin  treatment  in 
monkeys  blood  glucose  levels  increased  above  15  mmol/1 
and  fasting  levels  of  endogenous  C-peptide  declined  to  values 
corresponding  to  12-33%  of  the  C-peptide  levels  before 
diabetes  induction.  Insulin  was  needed  to  maintain  blood 
glucose  <11  mmol/1  and  to  prevent  ketosis.  Any  residual 
endogenous  C-peptide  did  not  respond  to  physiological 
stimuli,  as  shown  by  the  results  of  the  dynamic  tests  and  by 
the  absence  of  correlation  between  endogenous  C-peptide  and 
blood  glucose  levels  at  the  times  of  sampling.  Furthermore, 
while  attempting  to  maintain  blood  glucose  <11  mmol/1  in 
diabetic  monkeys,  no  correlation  was  found  between  endoge¬ 
nous  C-peptide  levels  and  the  mean  daily  requirement  of 
exogenous  insulin  per  kg  of  body  weight  (data  not  shown). 

Metabolic  parameters  in  diabetic  monkeys  following 
porcine  islet  transplantation  Following  porcine  islet  trans¬ 
plantation,  five  monkeys  (monkeys  2,  7,  8,  9  and  10)  improved 
their  metabolic  control  of  glucose  (Tables  2  and  3).  This  was 
defined  as  a  mean  blood  glucose  level  of  <8.9  mmoFl 
accompanied  by  a  reduction  in  the  requirement  for  exogenous 
insulin  therapy  (<0.50  IU  kg-1  day-1).  In  two  of  the  five 
monkeys  (monkeys  8  and  10),  insulin  therapy  was  unnecessary 
for  34  and  16  days,  respectively.  On  average,  porcine  C- 
peptide  during  the  follow-up  period  after  islet  transplantation 
(8-120  days)  in  these  five  monkeys  was  >0.20  nmol/1. 

Figure  3a  shows  the  porcine  C-peptide  levels  in  mon¬ 
keys  with  improved  metabolic  control  compared  with  those 
that  did  not  experience  any  improvement.  The  porcine  C- 
peptide  values  were  mainly  above  the  established  threshold 
of  0.20  nmol/1.  Similarly,  the  daily  insulin  requirement  in 
monkeys  that  had  a  mean  porcine  C-peptide  level 


>0.20  nmol/1  was  below  the  threshold  of  0.50  IU  kg-1 
day-1  (Fig.  3b).  In  the  monkeys  that  experienced  an 
improvement  in  metabolic  control,  the  exogenous  insulin 
requirement  was  reduced  to  less  than  half  of  that  necessary 
before  islet  transplantation  (Tables  2  and  3).  In  contrast,  the 
insulin  requirement  remained  stable  or  increased  in  those 
that  did  not  show  improved  metabolic  control  (1.2-  to  5.2- 
fold  increase  compared  with  before  transplantation).  Any 
increase  in  requirement  may  have  been  associated  with  the 
stress  induced  by  the  surgical  procedure  and  the  immuno¬ 
suppressive  therapy.  Monkey  1,  with  only  a  partial 
improvement  in  metabolic  parameters  (mean  blood  glucose 
10.9  mmol/1,  mean  porcine  C-peptide  0.18  nmol/1)  had  a 
reduction  in  mean  insulin  requirement  to  52%  of  the 
pretransplantation  requirement  (1.38  IU  kg-1  day-1). 

The  monkeys  with  improved  metabolic  control  also 
demonstrated  more  stable  glucose  values,  as  indicated  by  a 
lower  frequency  of  blood  glucose  levels  >11  mmoFl  (23-63% 
before  islet  transplantation,  0-21%  after  transplantation). 

Achievement  of  better  metabolic  control  after  islet 
transplantation  appeared  to  be  mainly  influenced  by  the 
islet  mass  infused,  and  it  seemed  to  be  independent  of 
donor  characteristics  (Table  3)  or  of  residual  endogenous  C- 
peptide,  the  level  of  which  did  not  correlate  with  the 
reduction  in  insulin  requirement  or  with  insulin  indepen¬ 
dence  until  the  porcine  graft  was  functional. 

The  negative  response  of  primate  C-peptide  to  metabolic 
challenges,  with  a  fall  after  the  stimulus,  as  seen  in  diabetic 
monkeys  (Fig.  2),  also  suggests  that  the  residual  islet  mass 
was  not  able  to  contribute  to  the  metabolic  improvement. 
This  was  shown  by  the  analysis  of  the  IVGTTs  performed 
after  transplantation  in  four  of  the  monkeys  with  a 


Table  2  Mean  metabolic  values  in  monkeys  before  streptozotocin  (healthy  non-diabetic)  and  during  the  diabetic  state 


Monkey  no.  Before  streptozotocin:  non-diabetic  state  After  streptozotocin:  diabetic  state 


Mean  glucosea 

Mean  glucosea 

Glucose  >11.1  mmol/lb 

Mean  insulin  dosage 

(mmol/1) 

(mmol/1) 

(%) 

(IU  kg-1  day-1) 

1 

3.4  (ti=1) 

12.0±0.5  (tz=121) 

55  (71=121) 

2.67±0.14  (ti=70) 

3 

3.2  (w=l) 

13.1±0.3  (71*185) 

77  (71=185) 

2.17±0.11  (ti=95) 

4 

2.2  (ti=2) 

11.5±0.6  (ti=46) 

47  (ti=46) 

1.03±0.03  (ti=23) 

5 

2.9  (ti=2) 

10.2±0.8  (ti=37) 

51  (ti=37) 

0.58±0.03  (ti=21) 

6 

3.3  (ti=2) 

13.0±0.9  (ti=30) 

73  (ti=30) 

0.75±0.05  (ti=15) 

2C 

4.6  (ti=1) 

10.7±0.7  (ti=54) 

48  (ti=54) 

2.25±0.10  (ti=60) 

T 

3.9  (ti=1) 

13.4±1.6  (ti=28) 

59  (ti=28) 

0.46±0.02  (ti=14) 

8C 

3.9±0.2  (ti=5) 

9.1±1.0  (ti=28) 

32  (ti=28) 

0.96±0.03  (ti=14) 

9C 

2.9±0.2  (ti=4) 

8.2±0.5  (ti=86) 

23  (ti=86) 

0.80±0.02  (ti=43) 

10c 

3.0±0.1  (ti=6) 

12.9±0.9  (ti=30) 

63  (ti=30) 

1.04±0.07  (ti=15) 

Data  are  means±SE,  with  number  of  observations  in  parentheses. 
aMean  glucose  is  the  average  of  morning  and  evening  levels. 
b  Percentage  of  glucose  measurements  above  11.1  mmol/1  for  each  animal. 
c  Monkeys  2,  7,  8,  9  and  10  showed  an  improvement  in  metabolic  control. 
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Table  3 

Mean  metabolic  values  in  monkeys  after  porcine  islet  transplantation 

Monkey 

no. 

Type  of 
donor  pig 

IEq/kg 

Mean  glucosea 
(mmol/1) 

Glucose 
>11.1  mmol/lb 

(%) 

Mean  insulin0 
(IU  kg-1  day-1) 

Porcine 

C-peptide 

(nmol/1) 

Follow-up  after 

transplantation 

(days) 

1 

Wild-type 

40  000 

10.9±0.4 

46  (ti=79) 

1.38±0.10  (52%) 

0.18±0.04 

39g 

3f 

(n= 79) 

(ti=39) 

(71=16) 

4 

GGTA1 -DKO 

40  000 

9.4±1.0 

27  (ti=15) 

1.28 ±0.29  (124%) 

0.11±0.02 

8‘ 

(*= 15) 

(*=8) 

(*=5) 

5 

GGTA1-DKO 

47  000 

9.8±0.8 

35  (ti=36) 

3.05±0.51  (521%) 

0.07±0.02 

19h 

(w=36) 

(71=19) 

(*=H) 

6 

GGTA1-DKO 

40  000 

15.8±0.4 

76  (71=236) 

2.20±120  (293%) 

0.04±0.01 

120h 

(71=236) 

(71=120) 

(*=21) 

2e 

Wild-type 

46  000 

8.8±0.3 

21  (71=118) 

0.50±0.06  (22%) 

0.26±0.03 

60g 

(71=118) 

(ti=6  0) 

(n= 25) 

T 

Wild-type 

100  000 

6.8±2.1 

7  (ti=13) 

0.06±0.05  (13%) 

0.93±0.19 

8‘ 

(*-13) 

(*=8) 

(*= 5) 

8d,e 

Wild-type 

95  000 

5.3±0.16 

0  (ti=84) 

0.04±0.01  (4%) 

0.21±0.05 

43  h 

(ti=84) 

(ti= 43)d 

(*=13) 

9e 

GGTA1-DKO 

77  000 

8.5±0.3 

7  (ti=40) 

0.35 ±0.03  (44%) 

0.32±0.03 

21h 

(ti=40) 

(*=21) 

(n= 6) 

10d’e 

GGTA1-DKO 

100  000 

6.8±0.4 

7  (71= 73) 

0.15±0.07  (14%) 

0.28±0.07 

39' 

(*=73) 

(n= 39)d 

in= 8) 

Data  are  means±SE,  with  number  of  observations  in  parentheses. 
aMean  glucose  represents  the  average  of  morning  and  evening  levels. 
b  Percentage  of  glucose  measurements  above  11.1  mmol/1  obtained  in  each  animal. 

c  Mean  insulin  dosage  after  transplantation  is  the  absolute  value;  percentage  of  the  dosage  before  transplantation  is  given  in  parentheses. 
d  Insulin  therapy  was  discontinued  2  weeks  after  porcine  islet  transplantation  in  monkeys  8  and  10. 
e  Monkeys  2,  7,  8,  9  and  10  showed  an  improvement  in  metabolic  control. 
fMonkey  3  was  not  transplanted  because  of  intolerance  to  immunosuppressive  drugs. 

Reasons  for  end  of  follow-up:  8electively  killed  for  undetectable  graft  function;  hloss  of  vascular  lines;  1  killed  for  clinical  reasons  (severe 
anaemia,  gastric  dilatation) 


functioning  graft.  On  the  contrary,  although  none  of  these 
IVGTTs  were  completely  normal  [^G  ranged  from  1.09- 
3.04  mmol  F1  min-1  (mean  1.60±0.30  mmol  F1  min-1), 
below  the  normal  values  (/?<0.001)],  a  clear  porcine  C- 
peptide  response  was  indeed  seen  (Fig.  4). 


Discussion 

During  the  last  6  years,  clinical  trials  of  allotransplantation 
of  pancreatic  islets  from  deceased  donors  have  supplied 
sufficient  insulin  to  abrogate  the  need  for  exogenous  insulin 
in  patients  with  type  1  diabetes,  at  least  for  a  limited  period 
[1].  Even  if  the  control  of  diabetes  was  not  complete,  islet 
transplantation  was  able  to  improve  the  management  of 
unstable  type  1  diabetes  [1,  35]. 

One  of  the  problems  presented  by  these  recent  clinical 
trials  is  that  two  to  three  pancreases  are  needed  to  provide 
an  islet  mass  sufficient  to  establish  normal  metabolic 
control  in  the  majority  of  patients.  Furthermore,  following 
transplantation,  a  number  of  mechanisms,  only  partially 


understood,  contribute  to  a  gradual  but  eventually  complete 
loss  of  islet  mass  [1,  35].  Both  of  these  observations  render 
the  availability  of  deceased  organ  donors  even  more 
insufficient  in  relation  to  the  number  of  diabetic  patients 
who  might  benefit  from  this  therapy.  Besides  the  attention 
being  devoted  to  the  search  for  strategies  to  reduce  human 
islet  cell  loss  after  transplantation,  thus  prolonging  their 
function,  it  would  be  beneficial  to  be  able  to  transplant 
animal  islets,  as  these  would  provide  a  virtually  unlimited 
source  for  clinical  needs. 

Pigs  have  been  considered  as  possible  sources  of  islets 
for  transplantation  because  of  the  similarity  between  human 
and  porcine  insulin,  the  number  of  available  islets  per 
animal,  and  ethical  acceptability  [36,  37]. 

Preclinical  studies  are  necessary  to  test  the  ability  of  pig 
islets  to  work  in  vivo  in  a  recipient  of  a  species  similar  to 
humans.  In  this  regard,  recent  data  indicate  that  wild-type 
neonatal  or  adult  pig  islets  can  survive  for  weeks  in  monkey 
recipients  [2,  3].  One  of  these  studies  [3],  as  well  as  our 
own  studies  [4,  16],  were  performed  in  cynomolgus 
monkeys.  These  Old  World  monkeys  represent  a  good 
model  for  islet  transplantation  studies  [3,  7,  36].  They  can 
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Fig.  3  Porcine  C-peptide  levels 
and  exogenous  insulin  require¬ 
ments  in  diabetic  monkeys  after 
porcine  islet  transplantation,  a 
Porcine  C-peptide  levels  in  most 
monkeys  with  improved  meta¬ 
bolic  control  (red  lines)  were 
higher  than  in  monkeys  that 
demonstrated  no  improvement 
in  metabolic  control  (blue  lines). 
The  C-peptide  level  in  monkeys 
with  improved  metabolic  control 
was  generally  >0.20  nmol/1,  b 
Insulin  requirement  in  trans¬ 
planted  monkeys  with  mean 
porcine  C-peptide  >0.20  nmol/ 

1  (red  lines)  was  lower  than  that 
in  monkeys  with  mean  porcine 
C-peptide  <0.20  nmol/1  (blue 
lines).  The  insulin  requirement 
in  the  majority  of  monkeys  with 
a  mean  porcine  C-peptide  level 
of  >0.20  nmol/1  was  <0.5  IU 
kg-1  day-1 
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be  rendered  diabetic  by  the  administration  of  streptozotocin 
[7,  16,  38,  39]  or  by  total  pancreatectomy  [2,  40],  and  prior 
to  islet  transplantation  the  induced  diabetes  can  be 
controlled  by  insulin  injections  for  long  periods  of  time. 

The  pig-to-monkey  transplantation  model  presents  im¬ 
munological  incompatibilities  and  it  therefore  remains  a 
good  model  to  study  the  immunological  aspects  of  islet 
xenotransplantation.  On  the  other  hand,  relevant  metabolic 
differences  between  the  two  animal  species  may  have  an 
impact  on  the  outcome  of  islet  transplantation,  not  only  in 
this  model  but  also,  more  importantly,  in  clinical  applica¬ 
tions  of  the  future.  This  appears  to  be  particularly  important 
when  parameters  such  as  blood  glucose  levels,  C-peptide 
levels  and  insulin  levels  are  used  to  monitor  the  xenograft 
function. 

In  the  present  study  we  investigated  differences  in 
metabolism  relating  to  glucose  homeostasis  in  monkeys  and 
pigs  and  in  the  pig-to-monkey  islet  transplantation  setting. 
The  purpose  was  to  identify  metabolic  parameters  that  can  aid 
in  monitoring  and  evaluating  the  success  of  islet  xenotrans¬ 
plantation,  and  thus  aid  in  translating  this  model  into  clinical 
practice.  The  data  we  present  clearly  demonstrate  differences 
in  metabolic  parameters  between  cynomolgus  monkeys  and 
pigs.  Monkeys  are  characterised  by  high  circulating  C-peptide 
and  insulin  levels  and  by  low  glucose  levels,  observations  that 
concur  with  those  reported  previously  by  others  [5-8].  On  the 
other  hand,  pigs  exhibit  low  C-peptide  and  insulin  levels  and 


higher  blood  glucose  levels  [9,  10].  Although  both  species 
responded  to  glucose  and  food  stimulation,  differences  in 
insulin  output  and  glucose  homeostasis  were  also  noted.  The 
relatively  poor  response  of  pig  islets  to  glucose  is  well 
known  in  vitro,  where,  however,  it  does  not  seem  to  be  due 
to  alterations  in  glucose  sensing  or  metabolism  [11].  The 
molecular  differences  in  porcine  and  monkey  C-peptide  and 
insulin  are  not  substantial,  but  these  differences  may  interfere 
in  their  kinetics  and  in  vivo  activity.  Human  and  porcine 
insulins,  however,  have  demonstrated  equivalent  therapeutic 
activity  [41]. 


Time  after  i.v.  glucose  injection  (min) 

Fig.  4  Porcine  C-peptide  responses  to  IVGTT  in  four  monkeys  that 
showed  an  improvement  in  metabolic  control  after  porcine  islet 
transplantation.  The  IVGTTs  were  performed  on  postoperative  day  46 
in  monkey  2  (squares),  27  in  monkey  8  (diamonds),  21  in  monkey  9 
(triangles)  and  24  in  monkey  10  (circles) 
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When  target  glucose  levels  were  similar  and  the  same 
insulin  formulation  used,  we  observed  that  exogenous  s.c. 
insulin  requirements  in  diabetic  pigs  (0.67±0.05  IU  kg-1  day-1 
to  maintain  a  mean  blood  glucose  of  12. 4 ±2. 3  mmol/1;  n=3) 
were  lower  than  in  diabetic  monkeys  (1 .92±0.20  IU  kg-1  day-1 
to  maintain  a  mean  blood  glucose  concentration  of  14.7± 
1.0  mmol/1  72=4).  In  this  respect,  human  requirements  are 
between  those  of  pigs  and  monkeys.  This  may  be  of  impor¬ 
tance  in  respect  to  the  eventual  transfer  of  pig  islet  trans¬ 
plantation  into  clinical  practice,  since  human  insulin  demands 
are  lower  than  those  of  the  monkeys  [42]. 

Sustained  normoglycaemia  in  the  monkey  is  associated 
with  endogenous  C-peptide  levels  ranging  from  0.47  to 
3.14  nmol/1;  in  pigs  the  range  is  between  0.11  and  0.32  nmol/1. 
In  the  pig-to-monkey  islet  transplantations,  monkeys  with 
porcine  C-peptide  levels  within  the  normal  range  for  non¬ 
diabetic  pigs  but  below  normal  for  monkeys  showed  an 
improvement  in  gluco-metabolism,  with  insulin  independence 
seen  in  some  cases.  Nevertheless,  beta  cell  function  associated 
with  higher  porcine  C-peptide  levels  should  be  expected  to 
stably  normalise  a  diabetic  monkey.  Based  on  the  metabolic 
performance  of  porcine  islet  grafts  in  our  monkey  recipients, 
we  estimate  that  porcine  C-peptide  levels  of  at  least 
0.47  nmol/1  should  be  reached  to  achieve  protracted  normal¬ 
isation.  Again,  since  the  normal  C-peptide  range  in  a  non¬ 
diabetic  human  is  lower  than  that  in  a  monkey,  the  metabolic 
demand  on  pig  islet  grafts  should  be  lower  in  a  clinical 
application.  The  improved  metabolic  control  obtained  in 
monkey  recipients  following  pig  islet  transplantation  was 
associated  with  relatively  low  levels  of  porcine  C-peptide.  In 
particular,  we  found  that  a  concentration  of  porcine  C-peptide 
of  0.20  nmol/1  provided  a  threshold  for  significant  improve¬ 
ment.  Thus,  low  levels  may  be  sufficient  to  prevent  chronic 
complications,  as  also  observed  in  diabetic  patients  with 
residual  C-peptide  production  or  in  partially  functioning  islet 
transplants  [1,  43-45]. 

The  data  suggest  that  the  level  of  graft  function 
(evaluated  by  the  measurement  of  C-peptide  levels) 
necessary  to  normalise  blood  glucose  in  the  recipient  is 
determined  by  the  recipient  levels  rather  than  by  the  donor 
levels.  Considering  the  metabolic  target  of  humans  and  the 
performance  of  pig  islets  in  primates,  whose  metabolic 
demand  is  higher  than  that  of  pigs  and,  more  importantly, 
higher  than  that  of  humans,  we  can  conclude  that  a  good 
metabolic  outcome  could  be  reached  in  humans. 

Islet  xenotransplantation  is  still  in  an  experimental  phase 
and  requires  further  exploration.  Observations  from  pre- 
clinical  models  suggest  that,  in  addition  to  immunological 
aspects  linked  to  species  differences,  metabolic  differences 
between  donor  and  recipient  species  are  important  matters 
for  further  investigation  and  may  be  key  to  the  success  of 
islet  xenotransplantation.  An  in-depth  study  of  this  will  aid 
our  understanding  of  the  dynamics  of  insulin-producing 


islet  cells  and  may  facilitate  the  translation  of  islet 
xenotransplantation  into  clinical  trials. 
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On  the  Use  of  General  Control  Samples 
for  Genome-wide  Association  Studies: 

Genetic  Matching  Highlights  Causal  Variants 

Diana  Luca,1'7  Steven  Ringquist,2'7  Lambertus  Klei,3  Ann  B.  Lee,1  Christian  Gieger,4'5 
H. -Erich  Wichmann,4'5  Stefan  Schreiber,6  Michael  Krawczak,6  Ying  Lu,2  Alexis  Styche,2 
Bernie  Devlin,3  Kathryn  Roeder,1'7*  and  Massimo  Trucco2'7 

Resources  being  amassed  for  genome-wide  association  (GWA)  studies  include  "control  databases"  genotyped  with  a  large-scale  SNP  array. 
How  to  use  these  databases  effectively  is  an  open  question.  We  develop  a  method  to  match,  by  genetic  ancestry  controls  to  affected 
individuals  (cases).  The  impact  of  this  method,  especially  for  heterogeneous  human  populations,  is  to  reduce  the  false-positive  rate, 
inflate  other  spuriously  small  p  values,  and  have  little  impact  on  the  p  values  associated  with  true  positive  loci.  Thus,  it  highlights 
true  positives  by  downplaying  false  positives.  We  perform  a  GWA  by  matching  Americans  with  type  1  diabetes  (T1D)  to  controls 
from  Germany.  Despite  the  complex  study  design,  these  analyses  identify  numerous  loci  known  to  confer  risk  for  T1D. 


Introduction 

Systematic  GWA  studies  are  critically  dependent  on  the 
availability  of  very  large  and  well-characterized  control 
populations.  With  a  different  degree  of  structure  in  mod¬ 
ern  populations,  ideally,  multiple,  diverse,  and  large  con¬ 
trol  populations  will  be  used.  As  platforms  for  GWA  be¬ 
come  standardized,  numerous  sources  of  pregenotyped 
control  individuals  are  becoming  available.  Typically, 
many  more  controls  are  available  than  cases,  and  we  be¬ 
lieve  these  controls  can  be  advantageous  for  discovering 
risk  loci  and  for  controlling  the  false-positive  rate.  For  ex¬ 
ample,  the  data  analyzed  here  include  416  Americans  of 
European  descent  diagnosed  with  T1D  (MIM  222100) 
and  a  control  database  of  2159  individuals  from  different 
regions  of  Germany. 

Ancestry  matching  based  on  nongenetic  variables1  and 
SNP  genotypes2  for  genetic-association  studies  has  been 
proposed  previously.  Our  approach,  which  we  call  genetic 
matching  or  GEM,  goes  further  in  that  we  show  how  to 
systematically  obtain  favorable  matching  by  using  a  panel 
of  genetic  markers  and  how  to  determine  outlying  individ¬ 
uals  as  well  as  individuals  that  cannot  be  successfully 
matched  to  others  in  the  available  registry.  By  simulations, 
we  will  contrast  matching  to  a  commonly  used  method  for 
controlling  the  confounding  of  ancestry,  namely  the  use 
of  eigenvector  analysis3  via  Eigenstrat4  to  identify  predic¬ 
tors  of  ancestry;  for  the  real  data,  we  contrast  matching 
to  both  Eigenstrat  and  identification  of  common  ancestry, 
such  as  European  American. 


We  propose  matching  on  the  basis  of  genetic  similarities 
derived  from  eigenvector  decomposition  (EVD),  making 
our  initial  analyses  similar  to  that  taken  in  Eigenstrat.4 
The  best  known  form  of  matching  is  matched  pairs 
(pMatch);  however,  assuming  the  criterion  for  matching 
are  sufficient  to  remove  the  effects  of  unmeasured  con¬ 
founding,  an  alternative  to  matched  pairs  known  as  full 
matching  (fMatch)  is  optimal.5  Consider  a  scenario  in 
which  three  cases  (a,  b,  and  c)  and  three  controls  (x,  y, 
and  z)  fall  into  two  distinct  ancestral  clusters  (a,  x,  and  y) 
and  (b,  c,  and  z).  Matching  pairs  creates  three  strata, 
(a  and  x),  (c  and  z),  and  (b  and  y),  but  the  pair  (b  and  y) 
does  not  define  a  homogeneous  strata.  Alternatively, 
fMatch  minimizes  the  total  distance  between  individuals 
within  strata  with  the  constraint  being  that  each  stratum 
includes  a  single  case  and  one  or  more  controls,  or  vice 
versa,  i.e.,  clusters  (a,  x,  and  y)  and  (b,  c,  and  z).  Of  the 
two,  fMatch  is  optimal  because  case  and  control  samples 
are  unlikely  to  have  identical  distributions  of  ancestry, 
and  in  this  situation,  forcing  each  case  to  match  a  unique 
control  leads  to  suboptimal  matches.  (pMatch  can  be  very 
useful,  however,  in  designing  follow-up  studies  that  require 
preselection  of  case  and  control  samples.) 

In  large  association  studies,  the  sample  typically  includes 
some  individuals  with  widely  varying  ancestry.  EVD  is 
highly  sensitive  to  outlying  observations.  A  few  points 
lying  far  from  the  majority  of  the  data  can  determine  mul¬ 
tiple  principal  axes  of  the  representation.  Indeed,  outliers 
can  obscure  the  discovery  of  axes  that  potentially  separate 
the  data  into  distinct  types.  For  this  reason,  individuals 
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Figure  1.  Flowchart  for  Genetic-Match¬ 
ing  Algorithm  Illustrated  with  Portions 
of  the  T1D  Data 

Distances  between  individuals  are  deter¬ 
mined  by  the  major  axes  of  variation  in 
the  EVD  representation.  Outlier  removal, 
illustrated  by  (A),  is  critical  for  revealing 
the  subtle  variability  between  individuals 
of  similar  ancestry.  After  major  outliers 
are  removed,  clustering  is  used  for  discov¬ 
ery  of  homogeneous  clusters;  four  distinct 
clusters  are  displayed  here  (B),  plotted  as 
principal  component  axes.  Two  of  these 
clusters  are  displayed  before  ([C],  left) 
and  after  ([C],  right)  rescaling  of  axes. 
Some  observations  are  not  outliers,  but 
they  are  unmatchable  ([D],  left);  for  exam¬ 
ple,  the  isolated  case  in  the  center  of  the 
plot.  Rescaled  distances  are  compared  to 
distances  expected  in  homogeneous  sam¬ 
ples  ([D],  right)  to  identify  cases  and  con¬ 
trols  that  can  not  be  successfully  matched. 
Association  analysis  is  performed  on  match¬ 
ed  strata  so  that  the  effects  of  population 
structure  could  be  removed  (not  shown). 


Eigenvector! 

having  highly  unusual  measures  on  any  of  the  major  eigen¬ 
vectors  are  removed.4  Likewise,  with  matching  it  is  necessary 
to  determine  which  strata  span  an  unusual  distance  leading 
to  "unmatchable  individuals."  If  the  controls  are  more  nu¬ 
merous  than  the  cases,  they  typically  span  a  larger  range  of 
ancestries  than  cases,  and  it  should  be  possible  to  find  one 
or  more  controls  similar  to  each  case.  Conversely,  some  cases 
may  have  to  be  removed  to  account  for  the  effects  of  struc¬ 
ture.  In  this  work,  we  formalize  the  notions  of  outlying 
and  unmatchable  individuals  and  propose  a  method  to  dis¬ 
cover  the  key  axes  that  describe  the  population  structure. 

Material  and  Methods 

A  Sketch  of  the  Matching  Procedure  Employed 
by  GEM  and  Displayed  in  Figure  1 

The  illustration  (Figure  1)  shows  the  steps  involved  in  matching 
genotyped  cases  and  controls.  To  begin,  create  an  L  SNPs  and  N 
individuals  matrix  of  scaled  allele  counts  from  which  the  EVD 
is  computed  (see  Appendix).  The  top  D  eigenvectors  form  a 


D  dimensional  map  describing  the  "ances¬ 
try"  of  each  individual,  i.e.,  the  mapping 
of  the  ith  subject  in  each  dimension  is  de¬ 
termined  by  the  zth  element  the  in  dth  ei¬ 
genvector.  The  dth  eigenvalue  determines 
the  importance  of  the  dth  dimension  in 
the  new  representation  of  the  data.  Indi¬ 
viduals  of  similar  ancestry  map  to  similar 
values  in  the  eigenvectors  associated  with 
large  eigenvalues  (Figure  1).  Eigenvectors 
associated  with  small  eigenvalues  have  lit¬ 
tle  or  no  genetic  interpretation. 

For  a  homogeneous  population,  the  largest  eigenvalues  provides 
the  basis  for  a  significance  test  for  population  structure  (see  Patter¬ 
son6  and  Appendix).  Applying  this  test  with  significance  level  a  = 
0.01,  we  determine  the  number  of  dimensions  D  to  be  used  in  the 
eigenvector  representation.  The  EVD  determines  the  distance  be¬ 
tween  individuals  on  the  basis  of  the  top  D  eigenvectors,  serving 
as  coordinates  or  dimensions,  and  eigenvalues  serving  as  weights 
to  exaggerate  differences  in  dimensions  of  greater  importance 
(see  Appendix). 

If  the  data  have  many  outliers,  D  will  be  relatively  large,  and 
the  principal  eigenvectors  will  be  poorly  estimated.7  Outliers  (Fig¬ 
ure  1A)  can  be  removed  with  visual  diagnostics  or  the  criterion 
from  Eigenstrat;4  namely,  remove  any  individuals  with  ancestry 
coefficients  greater  than  6  SDs  in  at  least  one  of  the  D  eigenvector 
axes.  After  removing  outliers,  the  EVD  should  be  recomputed.  If 
the  estimated  dimension,  D,  is  still  greater  than  two  or  three,  we 
suggest  finding  the  distance  between  nearest  pairs  of  controls 
and  cases.  A  subject  with  ancestry  that  does  not  lend  itself  to 
matching  will  appear  as  an  outlier  via  this  criterion  and  should 
be  removed  (see  the  T1D  example). 

To  determine  how  to  match  and  which  individuals  are  unmatch¬ 
able,  we  rely  on  the  distribution  of  distances  between  individuals 
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in  a  homogeneous  population.  For  a  homogeneous  sample,  the 
distribution  of  distances  will  depend  on  sample  size  N  and  the 
number  of  loci  L.  By  using  simulations,  we  can  find  the  distribution 
of  distances  for  a  homogeneous  population.  These  simulations  also 
yield  the  distribution  of  eigenvalues  for  a  homogeneous  sample  of 
size  N. 

Real  populations  are  heterogeneous  but  can  be  modeled  as 
mixtures  of  relatively  homogeneous  subpopulations  (Figure  IB). 
We  wish  to  represent  these  subpopulations  so  that  the  between- 
subject  distances  within  a  homogeneous  subpopulation  are  compa¬ 
rable  to  expectation  if  the  entire  sample  were  homogeneous.  To  do 
so,  we  need  to  model  the  underlying  population  substructure  and 
adjust  real  data  so  that  they  are  scaled  properly  (Figure  1C);  other¬ 
wise,  the  between  subpopulation  variance  will  cause  distances  be¬ 
tween  individuals  to  be  poorly  calibrated  (Figure  1C).  We  do  this 
via  a  two-stage  algorithm  involving  clustering  and  scaling.  In  stage 
one,  we  cluster  individuals  that  appear  to  have  common  ancestry. 
This  is  done  iteratively,  by  addition  of  clusters  and  then  testing 
for  structure  (see  Appendix  for  testing)  until  each  cluster  is  homo¬ 
geneous.  We  use  Ward's  algorithm8,9  to  form  hierarchical  groups 
of  mutually  exclusive  subsets  based  on  the  first  D  axes  of  the 
EVD.  We  need  a  stopping  rule  for  choosing  K,  the  number  of  clus¬ 
ters.  Start  with  K  =  2  and  apply  the  test  for  population  structure 
on  each  of  the  clusters  (a  =  0.001).  Homogeneous  clusters,  as 
judged  by  the  significance  test,  are  set  aside,  and  Ward's  algorithm 
is  applied  only  to  the  remaining  data.  Repeat  this  process,  increas¬ 
ing  K  until  all  the  clusters  are  homogeneous  or  consisting  of  too  few 
observations  (~20).  Finally,  we  rescale  interindividual  distances  as 
described  in  the  Appendix  so  that  they  are  comparable  to  distances 
found  in  a  homogeneous  population.  At  this  rescaling  step,  un- 
matchable  individuals  are  uncovered  and  removed  (Figure  ID). 

After  outliers  and  unmatchable  individuals  are  removed  from 
the  sample,  recalculate  the  EVD  and  determine  D.  Reverting 
back  to  unsealed  eigenvectors,  find  the  distance  between  cases 
and  controls  on  the  basis  of  the  Euclidean  distance  with  D  dimen¬ 
sions  as  described  in  the  Appendix.  Match  strata  with  either  full 
match  or  pair  match.  Software  implementing  matching  algo¬ 
rithms  is  widely  available  (e.g.,  we  use  the  optmatch  function  in 
the  statistical  package  R).  Then,  the  data  can  be  analyzed  for  dis¬ 
ease  and  SNP  association  by  conditional  logistic  regression.  Other 
covariates  can  be  entered  into  the  model  at  this  point. 

T1D  Analyses 

Purified  samples  of  genomic  DNA  were  obtained  from  the  Genetics 
of  Kidneys  in  Diabetes  (GoKinD)  study10  and  from  T1D  patients 
recruited  at  the  Children's  Hospital  of  Pittsburgh  (CHP)  and  Uni¬ 
versity  of  Pittsburgh  Medical  Center.  The  study  employed  a  human 
gene-chip  microarray  (Affymetrix,  Santa  Clara,  CA)  for  evaluation 
of  genetic  variants  with  DNA  samples  from  T1D  (case)  participants 
with  genetic  typing  data  obtained  from  the  KORA11  and  PopGen12 
"control"  cohorts.13  Genotyping  results  were  obtained  with  the 
same  Affymetrix  500K  SNP  typing  array;  however,  assays  for  case 
and  control  cohorts  were  performed  independently.  Case  partici¬ 
pants  (n  =  416)  were  recruited  in  the  U.S.,  with  self-declared  Euro¬ 
pean  ancestry  and  T1D;  control  participants  (n  =  2159)  were 
citizens  of  Germany  recruited  independent  of  phenotype  (Table  1). 
Recruitment  of  participants  at  CHP  was  governed  by  the  human 
subjects  protocol  approved  by  the  University  of  Pittsburgh  Institu¬ 
tional  Review  Board  (IRB  #011052:  New  Advanced  Technology 
to  Improve  Prediction  of  Type  1  Diabetes).  CHP  patients  (n  =  28) 
consented  to  providing  10  ml  blood  obtained  by  vein  puncture  as 
well  as  a  brief  medical  history  relating  to  onset  of  T1D.  The  GoKinD 


Table  1.  Characteristics  of  Case  and  Control  Participants 

Case  Participants 

Control  Participants 

Demographic 

Characteristics 

CHP 

GoKinD 

KORA 

POPGEN 

Number  of  singletons 

28 

394 

1644 

500 

Nominal  European 
American  (%) 

100% 

100% 

— 

— 

German  residents  (%) 

— 

— 

100% 

100% 

Male  gender  (%) 

50% 

46.7% 

49.5% 

51.8% 

History  of  Diabetes 

Type  1  diabetes  (%) 

100% 

100% 

— 

— 

Mean  age  at  T1D 
Diagnosis  (yr) 

12.7  ± 

7.9  12.2  ±  7.1 

~ 

~ 

cohort  (n  =  394)  was  recruited  independently  from  the  CHP  cohort 
by  collaborative  efforts  of  the  Juvenile  Diabetes  Research  Founda¬ 
tion,  National  Institutes  of  Health,  and  U.S.  Center  of  Disease  Con¬ 
trol.10  Material  from  the  GoKinD  cohort  was  provided  as  solutions 
of  DNA,  purified  from  lymphoblastoid  cell  lines  or  from  whole 
blood.  DNA  solutions  were  provided  as  50  pi  aliquots  containing 
-100  ng/pl  DNA  per  aliquot  dissolved  in  20  mM  NaCl  and  1  mM 
EDTA  (pH  7.5).  DNA  from  the  CHP  samples  were  obtained  from 
whole  blood  with  methods  described  in  Ringquist,14  and  genotyp¬ 
ing  was  performed  by  Affymetrix  Services  Laboratory  (Affymetrix) 
with  GeneChip  500K  arrays.  All  of  the  genotype  data  from  GoKinD 
samples  generated  by  this  project  will  be  submitted  to  an  accessible 
database,  such  as  dbGaP  or  TIDbase  (see  Web  Resources). 

All  T1D  samples  had  a  sufficient  completion  rate  (>95%)  for 
inclusion,  as  did  almost  all  KORA  and  PopGen  samples.  Initially, 
genotypes  for  all  three  samples  were  called  with  the  BRLMM  algo¬ 
rithm.15  By  using  three  criteria  for  genotype  QC  per  SNP — greater 
than  90%  genotype  calls,  test  statistic  for  Hardy- Weinberg  yields 
p  value  >  0.005,  and  minor  allele  frequency  >0.05 — we  removed 
-140,000  SNPs  and  retained  360,000  for  the  T1D  sample,  similar 
to  other  studies.  When  we  contrasted  the  T1D  samples  to  the  con¬ 
trol  samples,  we  noted  SNPs  with  very  different  allele  frequencies 
that  were  not  in  or  near  known  T1D  loci.  Inspection  of  the  allele 
frequencies  showed  that  the  control  allele  frequencies  were  re¬ 
markably  similar  to  HapMap  frequencies  (see  Web  Resources), 
but  the  corresponding  genotype  clusters  for  the  T1D  samples 
had  undesirable  features. 

We  tried  various  ways  to  improve  the  genotype  calls.  First,  we 
looked  for  substantial  differences  between  the  calls  by  using  the 
two  algorithms  employed  by  Affymetrix,  namely  DM  and  BRLMM. 
Although  some  discrepancies  were  noted,  we  did  not  see  a  material 
improvement  in  the  data  by  eliminating  this  small  set  of  loci.  Next, 
because  we  had  the  Affymetrix  "cel"  files  for  the  PopGen  control 
sample,  we  called  all  of  these  genotypes  for  PopGen  and  T1D 
together  by  using  both  the  DM  and  BRLMM  algorithms.  Again, 
this  process  eliminated  some  problematic  loci,  but  the  results 
were  not  compelling.  Finally,  we  tried  the  new  Bayesian  calling 
algorithm,  CHIAMO.16  This  algorithm  led  to  a  marked  improve¬ 
ment  for  the  genotype  calls,  as  determined  by  inspection  of  the  ge¬ 
notype  clusters.  For  our  data,  we  found  that  analyzing  the  PopGen 
and  T1D  data  together  (batch)  yielded  slightly  better  results  than 
analyzing  the  two  data  sets  as  complementary  strata,  so  these 
were  the  data  we  reported.  Because  we  had  greater  confidence  in 
the  BRLMM  calls  for  chromosome  X,  we  reported  those  calls  for 
X-linked  SNPs.  Because  the  KORA  sample  came  to  us  only  with 
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genotypes  called  by  the  BRLMM  algorithm,  we  used  those  geno¬ 
types  for  that  data  set. 

Preliminary  quality  control  consisted  of  a  six-step  process  that 
reduced  the  number  of  cases  to  415,  controls  to  2112,  and  SNPs 
to  284,216.  Step  1:  Removed  a  case  who  was  a  clear  outlier.  Step  2: 
Removed  32  controls  who  had  greater  than  5%  missing  genotypes. 
Step  3:  Removed  90,732  SNPs  with  >5%  noncall  rate  in  at  least 
one  of  the  three  samples.  Step  4:  Removed  105,658  SNPs  with  mi¬ 
nor  allele  frequencies  less  than  0.05  in  either  control  sample.  Step 
5:  Removed  1972  SNPs  with  FSt  >  0.02  (estimated  for  the  two  Ger¬ 
man  control  samples).  Step  6:  Removed  18,427  SNPs  that  violated 
Hardy- Weinberg  equilibrium  (p  <  0.005)  in  either  of  the  control 
samples. 


Results 

Simulations 

We  compare  three  approaches  to  correct  for  the  effects  of 
structure:  Eigenstrat  and  GEM  with  fMatch  and  pMatch. 
Although  we  compare  their  size  (i.e.,  rate  of  false  positives) 
and  power,  these  approaches  are  not  direct  competitors. 
The  GEM  methods  are  designed  to  limit  analysis  to  strata 
that  are  chosen  a  priori,  whereas  Eigenstrat  aims  to  remove 
the  effects  of  structure  in  the  analysis  stage. 

Allele  frequencies  for  the  subpopulations  were  generated 
with  the  "Balding-Nichols"  model17  (see  Appendix),  with 
allele  frequencies  varying  uniformly  between  0.05  and 
0.5.  To  correct  for  structure,  L  reference  SNPs  were  gener¬ 
ated.  Of  these  SNPs,  99%  had  a  minor  amount  of  variability 
across  subpopulations  ( FSt  =  0.01),  and  1%  had  substantial 
differentiation  (. FSt  =  0.1).  Null  or  causal  candidate  SNPs  of 
three  levels  of  FSt  were  generated:  Model  (1)  strongly 
differentiated  SNPs,  FSt  =  0.1;  Model  (2)  moderately  differ¬ 
entiated  SNPs  with  FSt  =  0.03;  and  Model  (3),  modestly  dif¬ 
ferentiated  SNPs  with  FSt  =  0.01. 

Ten  panels  of  independent  reference  SNPs,  with  L  rang¬ 
ing  from  96  to  100,000,  were  generated.  For  each  of  these 
panels,  we  simulated  1000  independent  causal  SNPs  and 
1000  independent  null  candidate  SNPs.  We  repeated  this 
analysis  for  models  (1),  (2)  and  (3)  and  for  six  choices  of 
L.  Causal  SNPs  with  relative  risk  R  =  2  were  generated 
with  the  approach  described  in  Price4  for  power  calcula¬ 
tions. 

Our  first  battery  of  simulations  is  based  on  SNPs  sampled 
from  two  subpopulations,  with  200  individuals  per  sub¬ 
population.  Case  status  was  assigned  to  80  and  20  of  the 
individuals  from  subpopulations  1  and  2,  respectively. 
The  remaining  individuals  were  assigned  control  status. 
For  the  matched-pairs  analysis,  we  paired  each  case  to 
the  closest  control  until  we  obtained  100  matched  pairs. 
For  the  other  two  methods  of  analyses,  we  analyzed  all 
400  individuals.  Each  method  readily  detects  population 
substructure  and  achieves  the  desired  type  I  error  rate  as 
L  increases  (Table  2).  pMatch  and  fMatch  successfully 
remove  the  effect  of  structure  with  a  smaller  panel  of  refer¬ 
ence  SNPs  than  Eigenstrat  does  (Figure  2A).  Indeed,  when 
a  large  panel  of  reference  SNPs  is  available,  the  GEM  proce¬ 


dures  are  overly  conservative;  consequently,  Eigenstrat  is 
slightly  more  powerful  than  both  matching  procedures 
(Table  2)  under  these  conditions.  For  SNPs  with  less  infor¬ 
mation  about  population  membership  than  present  in  our 
simulated  reference  panels,  greater  numbers  of  SNPs  would 
be  required  to  remove  the  effects  of  structure.4 

Our  second  battery  of  simulations  is  based  on  nine 
subpopulations  distributed  along  a  gradient,  designed  to 
simulate  a  dine  such  as  the  north  to  south  dine  observed 
in  western  Europe.  The  100  cases  are  distributed  with  2,  4, 
6,  7,  9,  12,  15,  20,  and  25  individuals  in  populations  1-9, 
respectively.  The  300  controls  are  distributed  randomly 
across  the  nine  subpopulations.  Results  from  this  simula¬ 
tion  are  qualitatively  similar  to  those  shown  in  Figure  2A 
(Table  2).  The  first  two  batteries  of  simulations  illustrate 
that  when  the  case  and  control  samples  are  drawn  from 
the  same  subpopulations,  but  with  different  frequencies, 
the  effects  of  substructure  can  be  removed  with  any 
of  the  three  methods  described.  Even  the  effects  of  highly 
differentiated  SNPs  can  be  removed  provided  the  reference 
panel  is  sufficiently  informative. 

Our  third  battery  of  simulations  is  also  based  on  a  nine 
population  gradient;  however,  the  cases  and  controls  are 
apportioned  in  a  manner  that  simulates  the  complexity 
of  human  populations  and  GWA  designs.  As  in  the  previ¬ 
ous  simulation,  we  simulate  nine  populations  and  draw 
300  controls  randomly.  In  contrast,  all  50  of  the  cases  are 
drawn  from  populations  6-9.  Because  of  the  nature  of 
this  third  battery,  namely  the  presence  of  unmatchable 
observations,  we  analyze  the  data  in  two  ways:  Unmatch¬ 
able  observations  are  removed  as  described  previously;  or 
unmatchable  observations  are  retained.  In  choosing  only 
a  single  control  for  each  case,  pMatch  includes  only  50 
of  the  controls  in  the  study  regardless  of  the  treatment  of 
outliers.  Provided  the  reference  panel  is  sufficiently  infor¬ 
mative,  many  of  these  controls  will  be  derived  from  popu¬ 
lations  6-9.  Eigenstrat,  on  the  other  hand,  uses  all  of 
the  data,  as  will  fMatch  when  unmatchable  observations 
are  retained.  For  fMatch,  this  means  that  cases  drawn 
from  population  6  will  tend  to  have  many  controls  in  their 
strata  sampled  from  populations  1-5.  The  remaining  cases 
will  tend  to  have  only  one  or  two  controls  in  their  strata. 
By  grouping  the  outlying  observations,  fMatch  attempts 
to  minimize  the  effect  of  unmatchable  observations.  Ei¬ 
genstrat  must  account  for  controls  sampled  from  pop¬ 
ulations  1-5  with  regression  techniques,  which  are  well 
known  to  suffer  adverse  consequences  when  they  are 
extrapolating  beyond  the  range  of  the  data. 

When  unmatchable  observations  are  retained,  pMatch 
corrects  for  the  effects  of  substructure  with  fewer  reference 
SNPs  than  the  other  two  methods  (Table  3  and  Figure  2B). 
Indeed,  Eigenstrat  fails  to  remove  the  effects  of  population 
substructure.  By  comparing  pMatch  and  fMatch,  we  see 
that  the  latter  has  greater  power.  This  makes  sense  because 
fMatch  is  using  more  of  the  data  (Table  3). 

On  the  basis  of  the  clustering  and  rescaling  process,  most 
of  the  controls  from  populations  1-5  are  unmatchable,  and 
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Table  2.  Size  and  Power  of  Tests  at  Level  0.05 

Eigenstrat  with  FST 

pMatch  with  FST 

fMatch  with  Fsr 

Statistic  Design 

No.  of  Markers 

0.01 

0.03 

0.1 

0.01 

0.03 

0.1 

0.01 

0.03 

0.1 

Size 

Two  Populations 

96 

.069 

.106 

.211 

.062 

.100 

.202 

.065 

.101 

.206 

386 

.055 

.061 

.085 

.044 

.045 

.051 

.047 

.049 

.054 

1536 

.052 

.054 

.055 

.046 

.045 

.045 

.047 

.047 

.046 

6144 

.053 

.052 

.051 

.044 

.045 

.045 

.047 

.047 

.046 

12000 

.053 

.052 

.052 

.044 

.044 

.045 

.047 

.045 

.047 

24000 

.053 

.050 

.051 

.043 

.042 

.041 

.046 

.046 

.045 

Gradient 

96 

.069 

.109 

.221 

.049 

.067 

.109 

.061 

.097 

.201 

386 

.054 

.058 

.071 

.043 

.046 

.048 

.048 

.052 

.063 

1536 

.052 

.051 

.050 

.045 

.044 

.044 

.047 

.047 

.046 

6144 

.052 

.051 

.050 

.045 

.045 

.044 

.046 

.045 

.047 

12000 

.052 

.052 

.052 

.044 

.044 

.045 

.047 

.047 

.047 

24000 

.052 

.052 

.052 

.044 

.045 

.044 

.047 

.046 

.046 

Power 

Two  Populations 

96 

.783 

.710 

.683 

.693 

.635 

.620 

.754 

.685 

.659 

386 

.767 

.701 

.682 

.682 

.632 

.621 

.735 

.673 

.653 

1536 

.766 

.702 

.677 

.683 

.635 

.622 

.736 

.674 

.653 

6144 

.765 

.694 

.676 

.684 

.630 

.623 

.735 

.671 

.653 

12000 

.765 

.697 

.676 

.684 

.633 

.624 

.735 

.673 

.653 

24000 

.763 

.696 

.677 

.684 

.632 

.624 

.734 

.671 

.653 

Gradient 

96 

.939 

.917 

.833 

.886 

.872 

.804 

.922 

.900 

.814 

386 

.924 

.891 

.796 

.877 

.857 

.782 

.902 

.869 

.775 

1536 

.917 

.876 

.774 

.876 

.850 

.775 

.894 

.856 

.754 

6144 

.913 

.874 

.768 

.873 

.849 

.773 

.892 

.853 

.747 

12000 

.915 

.873 

.771 

.874 

.849 

.774 

.891 

.850 

.749 

24000 

.912 

.874 

.768 

.873 

.849 

.771 

.892 

.852 

.747 

Columns  depict  the  results  as  FSt 

varies  (0.01,  0.03, 

and  0.1)  in  the  candidate  markers.  Results  are  shown  for  two  scenarios:  a  two-population  mixture  and 

a  nine-population  gradient.  For  the  size,  the  expected  number  of  p  values  smaller  than  0.05  is  50. 

such  a  result  is  desirable  because  cases  were  only  drawn  from 
populations  6-9.  In  this  instance,  the  size  of  the  matched 
analyses  is  now  closer  to  the  nominal  level  even  when  L  is 
small,  as  expected.  Interestingly,  there  is  the  considerable 
enhancement  in  power  for  fMatch  and  pMatch  when 
unmatchable  individuals  are  removed,  as  recommended 
by  our  methods,  as  opposed  to  when  they  are  forced  to  be 
retained  (Table  3).  This  occurs  because  removal  of  the  out¬ 
liers  leads  to  improved  performance  of  the  EVD  and  hence 
superior  choices  of  matches  in  the  analysis.  In  addition, 
for  fMatch  the  removal  of  controls  from  populations  1-5 
leads  to  a  more  homogeneous  sample  that  tends  to  increase 
power. 

Eigenstrat  defines  outliers  without  specific  reference  to 
cases  and  controls;  thus,  none  of  the  observations  are 
unmatchable  observations.  Nevertheless,  if  the  regression 
approach  is  applied  after  removal  of  those  observations 
declared  unmatchable  by  the  fMatch  procedure,  the 
type  I  error  is  successfully  controlled,  and  the  power  is 
slightly  greater  than  it  is  for  fMatch  (Table  3).  This  hybrid 
approach  to  analysis  has  some  potential  for  further 
development. 


GWA  of  Type  1  Diabetes  Data  with  fMatch 

We  analyzed  416  cases  of  T1D,18  derived  from  the  Go- 
KinD10  cohort  (n  =  394)  and  T1D  patients  recruited  from 
the  Children's  Hospital  of  Pittsburgh  (n  =  28).  Samples 
were  genotyped  with  the  Affymetrix  500K  GeneChip.  All 
identified  their  ancestors  as  European.  The  mean  age  of  on¬ 
set  for  T1D  was  12.2  and  12.7  years  of  age  for  the  GoKinD 
and  Pittsburgh  cohorts,  respectively.  Controls  genotyped 
by  the  same  chip  were  obtained  from  the  PopGen  and 
KORA  repositories,  which  consist  of  500  individuals  from 
north  Germany  (PopGen)  and  1644  individuals  from 
southern  Germany  (KORA). 11-13,19  The  four  cohorts  were 
recruited  independently  of  one  another.  The  relevant  char¬ 
acteristics  of  these  cohorts  are  summarized  in  Table  1 . 

Stringent  quality  control  reduced  the  number  of  SNPs  to 
284,216  and  the  number  of  controls  to  21 12  (samples  were 
removed  if  the  rate  of  missing  genotypes  exceeded  5%). 
To  reconstruct  ancestry,  we  chose  23,552  independent  or 
"tag"  SNPs  by  using  the  H-clust  algorithm20  with  an  r2  cut¬ 
off  value  of  0.04.  Both  case  and  control  individuals  exhibit 
complex  population  heterogeneity.  For  example,  individ¬ 
uals  were  included  in  the  PopGen  and  KORA  registry  on 
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A 


Figure  2.  False-Positive  Rate  versus  Log  of  the  Number  of 
Markers  Available  for  Estimating  Structure 

Results  are  for  Eigenstrat  (black),  pMatch  (blue),  and  fMatch  (red). 
The  desired  nominal  rate  of  0.05  is  plotted  as  a  yellow  line.  In  (A), 
a  sample  derived  from  two  simulated  populations  is  shown.  Results 
are  displayed  for  markers  with  two  levels  of  differentiation 
FSt  =  0.1(*)  and  0.03  (+).  The  former  exhibits  a  higher  rate  of 
errors  than  the  latter  for  small  numbers  of  markers.  In  (B),  a  sample 
derived  from  a  gradient  of  simulated  populations  is  shown.  Results 
are  displayed  for  the  full  sample  (plotting  character  "o")  and  with 
unmatchable  individuals  removed  (plotting  character  this 
applies  to  the  matching  methods  only). 

the  basis  of  residence  rather  than  known  German  ancestry. 
We  removed  one  case  individual  who  had  very  different 
ancestry  from  the  other  415.  For  415  cases  and  2112  con¬ 
trols,  D  =  22  dimensions  were  required  to  explain  the 
significant  axes  of  genetic  variation.  Many  of  these  axes 
exhibited  extreme  outliers  (Figure  1A).  After  removing  53 
controls,  only  three  important  axes  of  variation  remained. 
On  the  basis  of  the  first  two  eigenvectors,  a  cluster  of  cases 
that  differs  in  ancestry  from  the  control  sample  was  clearly 
evident  (Figure  3 A).  To  identify  unmatchable  individuals 
more  completely,  we  computed  the  distance  between 
each  case  and  the  nearest  control  and  vice  versa  on  the  ba¬ 
sis  of  three  axes  of  the  EVD  map.  The  resulting  distribution 
of  distances  indicated  that  21  cases  could  not  be  matched 
to  a  control  with  similar  ancestry  (Figure  4).  By  repeating 
this  process  of  finding  the  significant  eigenvalues  and  the 
corresponding  minimum  distances  between  cases  and  con¬ 
trols  in  the  corresponding  axes,  we  subsequently  removed 
an  additional  one  case  and  15  controls.  After  excluding 
these  outliers,  only  two  significant  eigenvalues  remain 
when  a  significance  level  of  0.01  was  used. 

Next,  with  cluster  analysis  to  identify  homogeneous 
strata,  2136  individuals  were  clustered  into  26  strata,  each 
with  20  or  more  elements  and  no  significant  structure 
within  cluster  (p  >  0.001).  The  remaining  301  individuals 
were  clustered  into  24  small  clusters.  On  the  basis  of  these 
strata,  the  data  were  rescaled  and  the  distance  between 
cases  and  matched  controls  was  determined.  Those  that 


Table  3.  Size  and  Power  of  the  Tests  before  and  after 
Removing  Outliers,  with  Eigenstrat,  pMatch,  and  fMatch 

Outliers  Present 

Eigenstrat  with 

Fst 

pMatch  fMatch 

with  FSt  with  FST 

Statistic  No.  of  Markers  .01 

.03 

.1 

.01  .03  .1  .01  .03  .1 

Size 

96 

.064 

.097 

.206 

.044.056  .107  .056  .082  .176 

386 

.057 

.068 

.121 

.038 .040  .050  .045  .051  .070 

1536 

.056 

.062 

.103 

.037  .037  .037  .043  .042  .045 

6144 

.056 

.061 

.085 

.037  .037  .035  .041  .042  .041 

12000 

.058 

.058 

.073 

.037  .036  .036  .042  .040  .041 

24000 

.057 

.058 

.067 

.037  .037  .035  .042  .042  .040 

100000 

.055 

.057 

.064 

.037 .037  .034  .043  .043  .042 

Power 

96 

.804 

.753 

.650 

.590.579.511.770.726.623 

386 

.784 

.731 

.630 

.583 .566  .489  .721  .686  .583 

1536 

.771 

.716 

.615 

.581  .567  .482  .671  .642  .548 

6144 

.762 

.711 

.604 

.583 .566  .485  .639  .620  .531 

12000 

.751 

.704 

.595 

.582  .564  .485  .637  .615  .528 

24000 

.746 

.699 

.593 

.584.565  .484.637  .613.529 

100000 

.748 

.694 

.592 

.588 .565  .484  .639  .612  .528 

Outliers  Removed 

Size 

96 

.061 

.090 

.195 

.037  .036  .035  .044  .043  .042 

386 

.057 

.060 

.095 

.036 .036  .035  .043  .041  .043 

1536 

.054 

.053 

.057 

.035  .038  .033  .040  .044  .041 

6144 

.054 

.053 

.056 

.040  .037  .037  .044  .044  .043 

12000 

.052 

.053 

.054 

.038 .035  .033  .041  .042  .041 

24000 

.052 

.052 

.053 

.036  .039  .034  .041  .045  .041 

100000 

.052 

.052 

.053 

.037  .035  .034  .042  .042  .042 

Power 

96 

.906 

.931 

.927 

.706  .713  .656  .772  .776  .719 

386 

.873 

.885 

.870 

.698 .713  .656  .771  .769  .726 

1536 

.856 

.857 

.834 

.700  .716  .660  .771  .774  .727 

6144 

.849 

.850 

.829 

.703  .716  .666  .771  .774  .729 

12000 

.843 

.843 

.818 

.703  .713  .663  .769  .767  .726 

24000 

.840 

.840 

.817 

.701  .715  .667  .771  .775  .726 

100000 

.835 

.834 

.813 

.700  .719  .669  .772  .776  .728 

Columns  depict  the  results  as  %  varies  (.01,  .03,  and  .1)  in  the  candidate 

markers.  The  simulated  data  are 

a  gradient  with  nine  subpopulations; 

controls  are  drawn  from  1-9  and  cases  are  only  from  6-9. 

were  considered  unmatchable  individuals  on  the  basis  of 
the  simulation  results  were  removed  (see  Appendix).  With 
this  process,  an  additional  20  cases  and  48  controls  are 
removed  from  the  dataset  for  fMatch.  The  resulting  dis¬ 
tance  between  the  remaining  cases  and  controls  in  fMatch 
is  consistent  with  expectations  for  cases  and  controls 
matched  within  homogeneous  strata  (data  not  shown).  In 
the  reduced  fMatch  sample,  two  principal  axes  separate 
the  German  control  samples  by  region  and  define  a  space, 
spanned  by  both  cases  and  controls,  that  facilitates  match¬ 
ing  (Figure  3B).  These  dimensions  presumably  map  onto 
genetic  gradients  on  the  European  continent;  e.g.,  the  hor¬ 
izontal  axis  is  likely  to  be  related  to  a  north-south  gradient 
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Figure  3.  Plots  of  the  First  Two  Eigen¬ 
vector  Axes  forTID  Data  before  and  after 
Removing  the  Unmatchable  Individuals 
after  Clustering  and  Rescaling  of  the 
Data 

Each  case  (light  blue)  has  a  matched  con¬ 
trol  (dark  blue  =  South  Germany,  red  = 
North  Germany)  in  a  close  neighborhood 
after  removal  of  unmatchable  individuals; 
compare  before  (A)  with  after  (B). 


Eigenvector  1 


because  it  tends  to  separate  the  German  samples  by  north 
(PopGen)12  and  south  (KORA)11  origin.21,22  In  the  pMatch 
sample,  one  additional  axis  is  needed  to  explain  important 
variation  (data  not  shown). 

After  final  removal  of  outliers  and  unmatchable  individ¬ 
uals  for  fMatch,  cases  and  controls  were  stratified  on  the 
basis  of  their  genetic  ancestry  into  298  strata.  Most  of  the 
strata  (159)  contain  a  single  case  matched  to  several  con¬ 
trols.  A  single  case  matched  to  a  single  control  occurred 
in  1 1 1  strata.  A  minority  of  strata  (28)  contain  a  single  con¬ 
trol  matched  to  multiple  cases.  For  example,  in  the  most 
extreme  strata,  a  single  case  was  matched  to  71  controls 
and  a  single  control  was  matched  to  13  cases.  When  a  sin¬ 
gle  case  is  matched  to  a  large  number  of  controls  (or  vice 
versa),  the  information  gain  from  the  strata  is  essentially 
equivalent  to  that  obtained  from  a  single  case  matched 
to  a  moderate  number  of  individuals.  Nevertheless,  condi¬ 
tional  logistic  regression  is  valid  regardless  of  the  lack  of 


(a)  Distance  from  Cases  to  Controls 


(b)  Distance  from  Controls  to  Cases 


0.00  0.02  0.04  0.06 


Figure  4.  The  Distance  between  Each  Case  and  the  Nearest 
Control  and  Vice  Versa  Based  on  Three  Principal  Components 
Are  Computed 

The  distributions  differ,  and  we  eliminate  34  cases  with  distances 
to  the  nearest  control  greater  than  0.075.  (A)  shows  the  histogram 
of  distances  between  each  case  and  the  nearest  control.  (B)  shows 
the  histogram  of  distances  between  each  control  and  the  nearest 
case. 


balance  in  the  strata.  In  all,  373  cases  were  contrasted 
with  1996  controls  by  conditional  logistic  regression  (Fig¬ 
ure  5,  top  panel).  The  results  highlight  the  HLA  region, 
which  contains  numerous  SNPs  achieving  GWA  signifi¬ 
cance.  Variation  in  the  HLA  region  is  well  known  to 
account  for  a  large  fraction  of  the  risk  for  T1D. 23-26  No 
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Figure  5.  Transformed  p  Values  after  Conditional  Logit 
Regression  Was  Performed  on  the  Data  Stratified  with  fMatch 

Transformed  p  values  (negative  of  the  log,  base  10).  Results  from 
conditional  logistic  regression  on  the  data  stratified  with  fMatch 
(top  panel)  and  pmatch  (second  panel)  are  shown.  Results  ob¬ 
tained  with  Eigenstrat  are  shown  in  the  third  panel.  Results  ob¬ 
tained  when  removing  observations  with  very  divergent  ancestries 
(inferred  with  the  Eigenstrat  rule  for  outliers)  from  the  bulk  of  the 
sample,  which  was  European,  are  shown  in  the  bottom  panel. 
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other  location  in  the  genome  contains  SNPs  with  test 
statistics  meeting  reasonable  criteria  for  GWA  significance 
(<1(T7)  after  ensuring  quality  genotype  calls  by  visual 
inspection  of  the  genotype  clusters  (see  Figures  SI  and  S2 
available  online  for  examples).  It  should  be  noted,  how¬ 
ever,  that  visual  inspection  of  genotype  clusters  is  essential 
to  interpret  this  Affymetrix  "first-generation"  genotype 
data,  a  feature  other  GWA  studies  with  this  genotyping 
platform  also  report.27 

Results  from  fMatch  agree  with  our  expectations.  Other 
GWA  studies  have  established  that  all  genetic  variation 
thus  far  uncovered,  aside  from  variation  in  the  HLA  region, 
account  for  a  modest  portion  of  the  risk  for  T1D. 28,29 
For  detecting  loci  of  modest  effect  with  good  power,  either 
sample  sizes  must  be  substantial  (i.e.,  thousands  of  cases 
and  controls  genotyped)  or  a  staged  study  design  must  be 
employed.  The  staged  design  typically  sets  a  significance 
level  between  0.01  and  0.001  in  stage  1,  then  genotypes 
all  loci  meeting  this  significance  level  (and  quality-control 
criteria)  in  a  second,  larger  sample.30,31  Treating  our  study 
as  stage  1  with  a  significance  level  of  0.007, 30  results  from 
fMatch  would  include  SNPs  for  genotyping  in  stage  2  from 
six  out  of  ten  loci  now  believed  to  confer  risk  to  T1D.29  Of 
the  remaining  four  loci,  only  one  had  more  than  a  few 
SNPs  in  the  region. 

Aside  from  the  HLA  region,  SNPs  in  or  near  PTPN22  (MIM 
600716),  IL2RA  (CD25  [MIM  147730]),  and  CTLA4  ([MIM 
123890];  window  =  gene  location  ±  40  Kb)  showed 
enough  signal  to  be  passed  to  stage  2.  The  smallest  p  value 
for  each  gene  was  0.000706  (rs2488457),  0.000995 
(rsl0905669),  and  0.000336  (rs231726).  The  smallest 
p  values  for  SNPs  close  to  "risk  SNPs"  rs2292239  and 
rsl2708716  were  0.00667  (rs2292239)  and  0.00539 
(rsl  1647011)  for  window  =  SNP  location  ±  50  Kb.  Could 
it  be  that  the  signals  in  these  regions  occurred  by  chance? 
To  answer  this  question,  we  performed  a  simulation  exper¬ 
iment.  We  randomly  select  from  the  genome  ten  inter¬ 
vals  that  correspond  to  the  same  size  as  the  original  ten 
windows  (for  the  HLA  region,  we  assumed  a  window  of 
3  Mb).  Then,  we  count  the  number  of  intervals  in  which 
one  or  more  SNPs  have  p  <  0.007  and  would  thus  be  geno¬ 
typed  in  stage  2.  We  perform  this  random  selection 
106  times,  counting  how  many  times  six  or  more  intervals 
would  have  SNPs  genotyped  in  Stage  2.  By  this  experiment, 
we  determined  that  our  results  would  rarely  occur  by 
chance,  roughly  one  in  ten  thousand  times. 

A  few  other  observations  from  these  analyses  are  worth 
noting.  Within  the  HLA  region,  Todd29  cites  rs3129934  as 
the  replicated  SNP;  our  independent  data  and  analyses  yield 
a  p  value  for  association  of  7.2  x  10“ 10  with  this  SNP;  for  the 
replicated  SNP  identified  in  CTLA4,  rs3087243,  our  data 
and  analyses  yield  a  p  value  for  association  of  0.013,  and, 
as  noted  above,  the  replicated  SNP  rs2292239  produced 
a  p  value  of  0.00667  from  our  data.  Although  the  HLA 
region  needs  no  more  support,  our  results  provide  further 
evidence  for  replication  in  CTLA4  and  at  rs2292239.  For 
genotype  cluster  plots  for  the  cited  SNPs,  see  Figure  SI.  In 


addition,  for  all  of  the  loci  cited  above,  we  have  compared 
our  data  to  that  reported  by  the  Wellcome  Trust  Case 
Control  Consortium.27  For  these  loci,  the  allele  in  excess 
in  cases  is  the  same  for  both  data  sets  (data  not  shown). 

Four  loci  did  not  pass  stage  1  criteria.  None  of  these  SNPs 
reported  by  Todd  et  al.29  as  risk  loci  were  on  our  Affymetrix 
genotyping  array.  Of  these  four  risk  SNPs,  only  rsl893217 
in  18pll  was  covered  well  in  terms  of  genotyped  SNPs  in 
substantial  linkage  disequilibrium  (LD)  with  it.  This  SNP 
is  in  almost  complete  LD  with  rs2542151  according  to 
HapMap;  it  passed  our  QC,  but  it  shows  no  evidence  for 
association  in  our  data  (p  =  0.51).  For  the  proinsulin 
precursor  gene,  INS  (MIM  176730),  only  two  SNPs  on  the 
array  pass  QC  and  fall  in  the  region,  but  HapMap  contains 
no  information  about  their  LD  with  the  reported  risk  SNP, 
rs689,  and  they  show  no  association  (p  >  0.35).  For  the 
gene  encoding  interferon-induced  helicase  C  domain-con¬ 
taining  protein  1,  IFIH1  (MIM  606951),  the  reported  risk 
allele  shows  modest  LD  with  a  SNP  we  genotyped,  namely 
rs7608315,  which  shows  no  association  (p  =  0.38).  Finally, 
for  the  12q24  region,  rs3 184504  is  identified  as  the  risk 
SNP.  One  SNP  in  this  region  passed  QC  for  our  data,  and 
it  is  modestly  associated  with  risk  for  T1D  (p  =  0.046). 

The  vast  majority  of  the  SNPs  from  this  or  any  relevant 
GWA  are  independent  of  risk  for  T1D.  Many  SNPs  from 
the  HLA  regions  of  chromosome  6  are  associated,  however. 
After  eliminating  HLA  SNPs,  ~5%  of  the  association  tests  are 
expected  to  have  p  values  <0.05.  Of  the  284,216  tests,  7.0% 
were  significant  at  a  =  0.05  for  fMatch.  A  moderate  excess  of 
false  positives  occurs  for  any  reasonable  choice  of  a.  Given 
the  success  of  the  GEM  method  in  the  simulations,  in  terms 
of  controlling  the  false-positive  rate,  we  wondered  whether 
the  source  of  additional  false  positives  could  be  poor-qual¬ 
ity  genotype  calls.  Indeed,  by  assessing  genotype  clusters 
for  all  SNPs  producing  p  values  <  10-4,  we  find  a  rate  of 
poor  calls  of  60%-67%  (Figure  S2).  The  rate  of  poor-quality 
genotype  calls  increases  as  the  p  value  decreases.  Predomi¬ 
nantly,  the  problematic  calls  occur  for  the  T1D  sample. 
On  the  basis  of  our  estimated  rate  of  poor-quality  genotype 
calls,  we  believe  the  excess  false-positive  rate  is  attributable 
to  data-quality  issues,  not  the  method. 

We  also  analyzed  GWA  data  by  using  pMatch  and  Eigen- 
strat  and  by  ignoring  population  substructure  after  discard¬ 
ing  outliers  with  the  Eigenstrat  rule  (see  Figure  5).  As  ex¬ 
pected,  pMatch  shows  the  lowest  rates  of  positive  findings, 
whereas  ignoring  structure  yields  the  most.  Like  fMatch, 
it  appears  the  excess  of  false  positives  for  pMatch  is  due  to 
poor-quality  genotype  calls.  The  same  is  predominantly 
true  for  Eigenstrat,  but  we  note  that  an  ample  number  of 
SNPs  producing  small  p  values  are  not  attributable  to  poor 
quality,  and  this  problem  is  amplified  by  ignoring  structure. 
At  significance  level  0.0001,  after  visual  inspection  of  geno¬ 
types  fMatch  has  half  the  false-positive  rate  of  Eigenstrat. 

To  further  validate  GEM,  we  tried  a  null  experiment.  We 
randomly  labeled  half  of  the  KORA  data  as  cases  and  half  as 
controls  and  repeated  the  matching  analysis.  Removal  of 
72  outliers  reduced  the  number  of  significant  eigenvalues 
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required  to  explain  the  variation  from  24  to  2.  After  this 
simplification,  only  12  unmatchable  individuals  remained. 
All  three  methods  of  analysis  (Eigenstrat,  Pmatch,  and 
fMatch)  produced  type  I  error  rates  that  were  on  target. 

Discussion 

Our  GWA  analyses  of  T1D  are  meant  to  accomplish  two 
goals.  First,  they  illustrate  the  utility  of  ancestry  matching 
in  the  face  of  a  very  difficult  problem,  that  being  when  cases 
are  sampled  in  a  region  quite  different  from  the  region  of 
the  controls.  In  our  case,  the  T1D  sample  comes  from  any 
American  of  nominal  European  ancestry,  whereas  the  con¬ 
trols  were  recruited  among  residents  of  Germany.  Such  con¬ 
stellations  can  also  arise  even  if  cases  and  controls  are  sam¬ 
pled  from  the  same  geographical  region.  We  would  expect 
the  example  to  be  especially  salient  for  American  samples. 
Second,  we  wished  to  use  the  results  to  evaluate  reported 
T1D  risk  loci  and,  in  later  analyses,  discover  new  loci.  The 
results  show  that  genetic  or  ancestry  matching  can  be  an 
important  ingredient  in  the  toolbox  of  researchers  who 
are  performing  GWA  analyses.  Moreover,  our  results  do 
lend  support  for  previous  GWA  findings  for  T1D. 28,29 

We  do  not  yet  know  whether  our  analyses  have  identified 
any  new  risk  loci  for  T1D.  Although  it  seems  unlikely  given 
the  modest  sample  of  cases,  a  substantial  number  of  con¬ 
trols  have  been  analyzed.  Moreover,  for  a  rare  disease  like 
T1D,  using  unscreened  instead  of  screened  controls  has  al¬ 
most  no  impact  on  power.32  We  plan  various  kinds  of  stage 
2  analyses  to  assess  the  association  signals  from  our  GWA 
results.  In  addition,  by  agreement  the  data  generated  by 
our  project  will  be  reported  back  to  the  GoKinD  database, 
and  GoKinD  will  make  the  data  available  to  qualified  in¬ 
vestigators.  Thus,  these  data  will  shortly  be  available  to 
the  research  community,  and  we  will  be  pleased  to  share 
detailed  results  upon  request. 

We  have  described  how  to  use  genetic  matching  to  en¬ 
hance  a  case-control  study.  We  note,  however,  that  these 
methods  can  also  be  used  for  the  analysis  of  quantitative 
traits.  Once  homogeneous  clusters  are  identified,  they 
can  be  entered  into  a  model  as  block  effects,  and  the  quan¬ 
titative  trait  can  be  analyzed  with  standard  statistical  tools, 
such  as  analysis  of  variance. 

Theory,  simulations,  and  real-data  analyses  suggest  that 
genetic  matching  is  useful  and  powerful  for  GWA,  espe¬ 
cially  when  the  samples  of  cases  and  controls  cannot 
be  guaranteed  to  be  drawn  from  the  same  population.  It 
can  diminish  the  false-positive  rate,  sometimes  substan¬ 
tially,  and  have  only  modest  impact  on  power.  Among 
others,33-36  methods  similar  to  Eigenstrat4  also  limit  the 
impact  of  population  structure,  but  for  challenging  de¬ 
signs,  they  cannot  be  expected  to  completely  control  the 
false-positive  rate.  Perhaps  the  gold  standard  for  GWA 
studies  should  be  to  evaluate  the  data  with  both  regression 
methods  such  as  Eigenstrat  and  epidemiological  methods 
such  as  fMatch.  When  the  results  of  these  methods  agree, 


researchers  have  greater  assurance  of  validity;  it  is  when 
the  results  diverge  that  we  should  be  wary. 

Appendix 

EVD  of  Allele  Counts 

Using  allele  counts  for  SNPs  /  =  1,  ...,  L,  and  individuals 
i  =  1,  ...,  N,  create  anNxL  matrix  X.  For  pi,  the  Ith  allele 
frequency,  center  allele  counts  in  column  /  by  subtracting 
2 pi  and  scale  by  dividing  by  (2p/(l  -  pi))1/2-  Find  the  EVD 
of  XX1  =  UXUF  In  the  D  dimensional  space  defined  by 
the  top  D  eigenvectors,  the  "ancestry"  value  for  the  zth  sub¬ 
ject  is  determined  by  the  zth  row  of  the  eigenvectors  uilt . . ., 
uiD.  The  dth  eigenvalue,  \d,  determines  the  scaling  of  dis¬ 
tances  in  the  dth  dimension.  These  coordinates  are  used 
for  matching. 

Model  for  Population  Stratification 

The  mean  of  allele  frequencies  from  a  set  of  populations  is 
assumed  to  be  the  allele  frequency  of  an  ancestral  popula¬ 
tion.  Individual  populations  have  each  diverged  from  the 
ancestral  population  over  time,  with  fixation  index  FSt, 
a  measure  of  population  differentiation.  Within  a  subpopu¬ 
lation  /,  suppose  that  allele  counts  are  independent  and 
identically  distributed  and  that  allele  a  is  drawn  with  prob¬ 
ability  pj.  If  X  is  counting  allele  a,  then  X  ~  Binomial ( 2, pj). 
Let  P  be  the  random  variable  that  varies  across  subpopu¬ 
lations,  with  pj  as  the  realized  value  in  subpopulation 
/:  P  ~  Beta(oi\,oi2),  a\  +  a2  =  1  /FSt  -  1.  Assume  that  we 
have  the  minor  allele  frequencies  of  an  ancestral  popula¬ 
tion  p.loci  (in  our  simulations  p.loci  is  uniform  between 
.05  and  .5)  at  L  loci.  From  the  ancestral  population  /,  sub¬ 
populations  have  been  formed.  By  knowing  FSt,  for  each 
marker  /  we  can  define  a\ti  =  p-locii  x  (1/Fst  ~  1)  and 
01-2,1  =  (1  —  p.locii)x  (1/Fst  -  1)  and  generate  the  alleles  as 
described  above.  When  used  in  simulation  studies,  this  is 
often  called  the  Balding-Nichols  model.17  For  simulation 
of  a  dine  (or  a  gradient),  it  is  enough  to  order  pji  so  that 
pn<...<pji  for  each  /. 

Hypothesis  Test  for  Population  Structure 

A  formal  significance  test  for  population  structure  is  based 
on  a  theoretical  result  for  the  eigenvalue  distribution  of 
a  null  sample  covariance  matrix.6,37  For  a  homogeneous 
population,  the  largest  eigenvalue,  properly  normed,  ap¬ 
proximately  follows  the  Tracy- Widom  distribution37 
Wd  =  (Xd  -  fiNL ) /aNL  with  centering  and  scaling  parameters 
that  depend  on  both  N  and  L,  /mNL  =  ((L  -  1)1/2  +AT1/2)2 
and  aNL  =  ((L  -  1)1/2  +N1/2)(1/((L  -  1)1/2)  +  1/N1/2)1''3. 
We  can  test  the  null  hypothesis  of  population  homoge¬ 
neity  against  an  alternative  hypothesis  of  population  het¬ 
erogeneity.  The  sample  covariance  matrix  S  follows  a 
(N  -  l)x(N  -  1)  Wishart  distribution.  The  test  for  popula¬ 
tion  structure  will  be  applied  iteratively  (i.e.,  the  leading 
eigenvalue,  then  the  second  and  so  on).  If  we  find  the  first 
d  eigenvalues  X\,...,Xd  to  be  significant,  we  test  Xd+i  as 
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though  S  were  an  (N  —  d  —  1)  x  (N  -  d  -  1)  Wishart  matrix. 
If  an  eigenvalue  is  not  significant,  the  smaller  eigenvalues 
will  not  be  significant  either. 

Removing  Unmatchable  Individuals 

EVD  determines  the  distance  between  individuals  on  the 
basis  of  the  top  D  eigenvectors  and  eigenvalues.  To  stabilize 
the  distance  metric,  we  use  the  normed  eigenvalues,  Wd, 
plus  a  constant  a,  chosen  to  ensure  the  weights  are  positive. 
The  distance  between  individuals  i  and  V  is  calculated  as 

gm  =  {Ed=i(Wd + «)(«« -  m2}1/2- 

To  rescale  the  distances,  let  S*c{l,2,...,N}  be  the  indices 
of  individuals  in  the  k'th  cluster.  Let  rk  be  the  number  of  in¬ 
dividuals  in  the  k'th  cluster.  For  scaling  subject  ieSk  ,  we 
use  the  eigenvector  values  (un,...,UiD)  but  not  the  eigen¬ 
values.  Assume  that  the  eigenvector  representation  of 
each  individual  consists  of  an  ancestry  signal  plus  random 
noise:  uid  =  /iid  +  eid. 

For  homogeneous  data,  because  all  individuals  came 
from  a  common  source,  the  ancestry  signal  is  0  and  the 
representation  consists  simply  of  random  noise  uid  =  eid. 
Our  target  is  to  identify  approximately  homogeneous 
subpopulations  that  have  little  or  no  diversity  for  ancestry. 
If  the  clustering  is  successful,  the  signal  of  each  individual 
in  subset  Sk  can  be  approximated  by  udk  =  ^2i(zSk  uid/^k,  and 
the  noise  can  be  approximated  by  uid  -  udk.  But  notice 
that  EVD  automatically  scales  the  eigenvectors  so  that 
X).  ufd  =  1  and  ud  =  0.  A  traditional  sum  of  squares  decom¬ 
position  leads  to 

1  =  E“h  =  EE  (Uid-Udk)2  +  J2rkU2dk, 

i  k  i  eSk  k 

i.e.,  the  total  sum  of  squares  (SSTotal)  equals  the  sum  of 
squares  attributable  to  random  variation  or  error  (SSError) 
plus  the  sum  of  squares  attributable  to  ancestry  differences 
(SSModel).  Unit  scaling  of  SSTotal  causes  the  distances  be¬ 
tween  individuals  from  heterogeneous  populations  to  be 
uncomparable  to  distances  in  homogeneous  populations. 
For  example,  if  the  sample  derives  from  two  highly  differen¬ 
tiated  populations  so  that  SSError  =  0.01  and  SSModel  = 
0.99,  then  the  expected  distance  between  two  individuals 
with  common  ancestry  is  ~0.01/n.  Alternatively,  if  the 
populations  have  identical  ancestry,  then  the  expected 
distance  between  two  individuals  is  ~l/n.  For  comparing 
to  a  homogeneous  scaling,  we  wish  to  rescale  the  random 
noise  so  that  SSError  is  1.  It  follows  that  the  data  will 
be  rescaled  equivalently  to  homogeneous  data  if  we  set 
cd  =  Xf  5  (' uid~udk )2  and  rescale  the  data  such  that 
u-d  =  uid/cd. 

In  practice,  udk  provides  a  good  estimate  of  the  signal 
only  when  the  cluster  size  is  sufficiently  large,  say  greater 
than  10.  Hence,  to  compute  cd,  include  only  those  clusters 
Sk  including  10  or  more  elements  in  the  sum  and  then 
multiply  by  n/  ^  (rk  -  1)  to  account  for  the  missing  clus¬ 
ters.  Notice  that  we  scale  differently  for  each  of  the  d  di¬ 
mensions  to  stretch  and  shrink  accordingly  to  get  the 
proper  scaling  of  the  data. 


In  the  final  step,  find  the  distances  between  individuals 
with  the  u*id  instead  of  u\d  and  use  the  expected  value  of 
normed  eigenvalues  Wi,...,WD  obtained  from  the  simula¬ 
tion,  instead  of  the  actual  eigenvalues.  Match  rescaled  data 
with  fMatch  or  pMatch  and  measure  the  distances  between 
cases  and  controls.  Any  individuals  with  distances  in  this 
metric  exceeding  the  99.9th  quartile  of  the  null  distribu¬ 
tion  of  distances  are  declared  unmatchable. 

Supplemental  Data 

Two  figures  are  available  at  http://www.ajhg.org/. 
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dbGaP,  http://www.ncbi.nlm.nih.gov/sites/entrez?db=gap 
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A  Microsphere-Based  Vaccine  Prevents  and  Reverses 
New-Onset  Autoimmune  Diabetes 

Brett  Phillips,1  Karen  Nylander,1  Jo  Harnaha,1  Jennifer  Machen,1  Robert  Lakomy,1  Alexis  Styche,1 
Kimberly  Gillis,2  Larry  Brown,2  Debra  Lafreniere,2  Michael  Gallo,2  Janet  Knox,2  Kenneth  Hogeland,2 
Massimo  Trucco,1  and  Nick  Giannoukakis1’3 


OBJECTIVE — This  study  was  aimed  at  ascertaining  the  efficacy 
of  antisense  oligonucleotide-formulated  microspheres  to  prevent 
type  1  diabetes  and  to  reverse  new-onset  disease. 

RESEARCH  DESIGN  AND  METHODS— Microspheres  carry¬ 
ing  antisense  oligonucleotides  to  CD40,  CD80,  and  CD86  were 
delivered  into  NOD  mice.  Glycemia  was  monitored  to  determine 
disease  prevention  and  reversal.  In  recipients  that  remained 
and/or  became  diabetes  free,  spleen  and  lymph  node  T-cells  were 
enriched  to  determine  the  prevalence  of  Foxp3+  putative  regu¬ 
latory  T-cells  (Treg  cells).  Splenocytes  from  diabetes-free  micro- 
sphere-treated  recipients  were  adoptively  cotransferred  with 
splenocytes  from  diabetic  NOD  mice  into  NOD-scid  recipients. 
Live-animal  in  vivo  imaging  measured  the  microsphere  accumu¬ 
lation  pattern.  To  rule  out  nonspecific  systemic  immunosuppres¬ 
sion,  splenocytes  from  successfully  treated  recipients  were 
pulsed  with  (3-cell  antigen  or  ovalbumin  or  cocultured  with 
allogeneic  splenocytes. 

RESULTS — The  microspheres  prevented  type  1  diabetes  and, 
most  importantly,  exhibited  a  capacity  to  reverse  clinical  hy¬ 
perglycemia,  suggesting  reversal  of  new-onset  disease.  The 
microspheres  augmented  Foxp3+  Treg  cells  and  induced  hypo- 
responsiveness  to  NOD-derived  pancreatic  (3-cell  antigen,  with¬ 
out  compromising  global  immune  responses  to  alloantigens  and 
nominal  antigens.  T-cells  from  successfully  treated  mice  sup¬ 
pressed  adoptive  transfer  of  disease  by  diabetogenic  splenocytes 
into  secondary  immunodeficient  recipients.  Finally,  micro¬ 
spheres  accumulated  within  the  pancreas  and  the  spleen  after 
either  intraperitoneal  or  subcutaneous  injection.  Dendritic  cells 
from  spleen  of  the  microsphere-treated  mice  exhibit  decreased 
cell  surface  CD40,  CD80,  and  CD86. 

CONCLUSIONS — This  novel  microsphere  formulation  repre¬ 
sents  the  first  diabetes-suppressive  and  reversing  nucleic  acid 
vaccine  that  confers  an  immunoregulatory  phenotype  to  endog¬ 
enous  dendritic  cells.  Diabetes  57:1544-1555,  2008 


From  the  1Diabetes  Institute,  Division  of  Immunogenetics,  Department  of 
Pediatrics,  University  of  Pittsburgh  School  of  Medicine,  Pittsburgh,  Pennsyl¬ 
vania;  2Epic  Therapeutics,  a  wholly  owned  subsidiary  of  Baxter  Healthcare 
Corporation,  Norwood,  Massachusetts;  and  the  department  of  Pathology, 
University  of  Pittsburgh  School  of  Medicine,  Pittsburgh,  Pennsylvania. 

Corresponding  author:  Nick  Giannoukakis,  PhD,  Department  of  Pathology, 
University  of  Pittsburgh  School  of  Medicine,  Diabetes  Institute,  Rangos  Research 
Center,  3460  Fifth  Ave.,  Pittsburgh,  PA  15213.  E-mail:  ngiannl@pitt.edu. 

Received  for  publication  11  April  2007  and  accepted  in  revised  form  22 
February  2008. 

Published  ahead  of  print  at  http://diabetes.diabetesjournals.org  on  26  Feb¬ 
ruary  2008.  DOI:  10.2337/db07-0507. 

Additional  information  for  this  article  can  be  found  in  an  online  appendix  at 
http://dx.doi.org/10.2337/db07-0507. 

APC,  allophycocyanin;  AS-MSP,  antisense  microsphere;  FACS,  fluores¬ 
cence-activated  cell  sorter;  HPLC,  high-performance  liquid  chromatography; 
IFN-7,  interferon-7;  IL,  interleukin;  PE,  phycoerythrin;  PEG,  polyethylene 
glycol;  PLGA,  poly-(lactic-co-glycolic  acid);  PVP,  polyvinyl  pyrrolidone;  SCR- 
MSP,  scrambled  control  sequences  microsphere;  TNF-a,  tumor  necrosis 
factor-a;  Treg  cell,  regulatory  T-cell. 

©  2008  by  the  American  Diabetes  Association. 

The  costs  of  publication  of  this  article  were  defrayed  in  part  by  the  payment  of  page 
charges.  This  article  must  therefore  be  hereby  marked  “ advertisement ”  in  accordance 
with  18  U.S.C.  Section  1734  solely  to  indicate  this  fact. 


Type  1  diabetes  is  a  disorder  of  glucose  homeosta¬ 
sis  caused  by  a  chronic  autoimmune  inflamma¬ 
tion  of  the  pancreatic  islets  of  Langerhans  (1). 
The  ultimate  outcome  is  the  loss  of  insulin- 
producing  cells  to  numbers  below  a  threshold  that  is 
critically  required  to  maintain  physiological  glucoregula- 
tion.  Before  this  threshold,  however,  escalating  inflamma¬ 
tion  around  (peri-insulitis)  and  in  the  islets  of  Langerhans 
(insulitis)  first  renders  the  insulin-producing  (3-cells  insen¬ 
sitive  to  glucose  and  incapable  of  appropriate  insulin 
production  mainly  due  to  the  actions  of  cytokines  like 
interferon-y  (IFN-y),  tumor  necrosis  factor-a  (TNF-a),  and 
interleukin  (IL)-1(3  (2,3). 

On  clinical  confirmation,  a  large  number  of  type  1 
diabetic  patients  still  exhibit  evidence  of  residual  (3-cell 
mass  that,  for  a  limited  time,  is  functionally  responsive  to 
glucose  and  produces  insulin  (the  so-called  “honeymoon 
period”)  (4).  In  fact,  patients  with  a  residual  (3-cell  mass 
manifest  better  glycemic  control  and  improved  prognosis 
for  diabetic  complications  including  retinopathy  and  ne¬ 
phropathy.  These  observations  have  compelled  investiga¬ 
tion  into  agents  that  can  be  used  at  the  time  of  clinical 
diagnosis  to  preserve  residual  (3-cell  mass  primarily  by 
intervening  with  the  ongoing  autoimmunity.  The  use  of 
pharmacological  systemic  immunosuppressive  drugs  met 
with  initial  success  in  controlling  autoimmunity,  however, 
on  withdrawal,  the  autoimmunity  recurred,  indicating  that 
systemic  agents  would  need  to  be  administered  long-term 
with  their  associated  adverse  effects  (5,6).  More  recently, 
clinical  reversal  of  hyperglycemia  has  been  achieved  by 
anti-CD3  antibody  administration,  although  some  ques¬ 
tions  linger  regarding  mechanism  of  action  in  the  transient 
immunodepletion  and  associated  cytokine-related  side  ef¬ 
fects  (7,8).  Finally,  despite  the  initial  observations  in 
adults,  administration  of  a  peptide  derived  from  HSP60 
into  new-onset  diabetic  children  failed  to  exhibit  any 
benefit  compared  with  control  subjects  (9,10).  A  need 
therefore  remains  for  a  diabetes-suppressive  immunother- 
apeutic  agent  that  does  not  engender  nonspecific  systemic 
immunosuppression. 

It  is  generally  accepted  that  the  initial  wave  of  infiltrat¬ 
ing  immune  cells  in  type  1  diabetes  immunopathogenesis 
consists  mainly  of  antigen-presenting  cells  homing  into  the 
islets  in  response  to  an  as-yet-unidentified  microenviron¬ 
mental  anomaly  (11).  Although  not  completely  resolved 
mechanistically  and  temporally,  this  anomaly,  in  a  chronic 
process,  compels  migratory  antigen-presenting  cells,  and 
most  prominently  dendritic  cells,  to  acquire  (3-cell-resi- 
dent  antigens  derived  from  apoptotic  and/or  necrotic 
(3-cells.  The  migratory  dendritic  cells  then  undergo  an 
intrinsic  “maturation”  program  that  renders  them  capable 
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of  activating  T-cells  (including  autoreactive,  (3 -cell-spe¬ 
cific  T-cells)  as  they  accumulate  inside  the  draining  pan¬ 
creatic  lymph  nodes  (12-14). 

Dendritic  cells,  however,  also  have  the  capacity  to 
activate  and  maintain  immunoregulatory,  “suppressive” 
cell  networks.  Apparently,  they  are  regulatory  when  in  a 
state  of  functional  “immaturity”  (15-17).  Functional  imma¬ 
turity  can  be  conferred  to  dendritic  cells  partly  by  down¬ 
regulating  costimulatory  pathways  using  systemic  and 
molecule-specific  approaches  (18).  Numerous  studies 
have  confirmed  that  exogenous  administration  of  function¬ 
ally  immature  dendritic  cells  can  facilitate  allograft  sur¬ 
vival  and  can  also  prevent  autoimmune  disease  and  its 
recurrence  (18).  We  have  shown  that  administration  of 
dendritic  cells  from  NOD  mice  with  low-level  expression 
of  CD40,  CD80,  and  CD86  (induced  by  ex  vivo  treatment 
with  antisense  oligonucleotides  targeting  the  5'  ends  of  the 
respective  primary  transcripts)  into  syngeneic  recipients 
can  considerably  delay  and  prevent  the  onset  of  disease 
(19,20).  This  approach  is  now  in  a  phase  I  clinical  trial  in 
which  autologous  dendritic  cells  generated  in  vitro  from 
leukapheresis  products  are  being  administered  to  estab¬ 
lished  type  1  diabetic  adult  patients  to  determine  safety 
(M.T.  and  N.G.,  personal  communication;  FDA  IND  BB- 
12858).  Despite  the  promise  of  this  study,  we  have  encoun¬ 
tered  cumbersome  logistical  requirements  to  generate 
these  dendritic  cell  embodiments.  We  are  concurrently 
pursuing  an  alternative  method  to  stabilize  dendritic  cell 
immaturity  directly  in  vivo. 

Many  studies  confirm  that  microparticle  carriers  can 
direct  dendritic  cells  to  the  administration  site,  and  once 
phagocytosed,  the  contents  can  shape  the  dendritic  cell 
functional  phenotype  (21,22).  Yoshida  and  Babensee  (22) 
showed  that  biodegradable  poly-(lactic-co-glycolic  acid) 
(PLGA)  microspheres  actually  induce  dendritic  cell  matu¬ 
ration  by  upregulating  the  CD40,  CD80,  and  CD86  costimu¬ 
latory  molecules.  Our  studies  required  a  nucleic  acid 
delivery  system  that  would  be  phagocytosed  by  dendritic 
cells  without  upregulating  these  costimulatory  molecules. 
We  therefore  chose  to  incorporate  antisense  oligonucleo¬ 
tides  directed  against  CD40,  CD80,  and  CD86  into  PRO- 
MAXX  microsphere  delivery  system  (Baxter  Healthcare). 
The  inert  PROMAXX  microsphere  technology  has  been 
shown  to  be  safe  and  effective  in  human  trials  (23).  More 
importantly,  when  administered  in  vivo,  this  technology  is 
neutral  with  respect  to  dendritic  cell  maturation  state 
compared  with  the  known  immunostimulatory  properties 
of  PLGA-based  formulations  (22).  This  neutrality  on  den¬ 
dritic  cell  maturation  is  a  critical  criterion  in  adapting 
microsphere  chemistry  for  immunosuppressive  objectives 
in  which  dendritic  cells  are  involved  as  mediators.  Herein, 
we  report  a  PROMAXX-microsphere- based  vaccine  in 
which  the  antisense  oligonucleotides  were  shown  to  ren¬ 
der  dendritic  cells  diabetes  suppressive  (19,20)  and  to 
prevent  and  even  reverse  new-onset  autoimmune  diabetes. 


RESEARCH  DESIGN  AND  METHODS 

PROMAXX  antisense  oligonucleotide  microsphere  formulation  and 
characterization.  Three  phosphorothioated  (*)  antisense  oligonucleotides 
targeted  to  the  CD40,  CD80,  and  CD86  primary  transcripts  were  synthesized 
by  Integrated  DNA  Technologies  (Coralville,  IA).  The  antisense  oligonucleo¬ 
tide  sequences  are  CD40-antisense,  5'C*A*C*  A*G*C*  C*G*A*  G*G*C*  A*  A*  A 
G*A*C*  A*C*C*  A*T*G*  C*A*G*  G*G*C*  A-3';  CD80-antisense,  5'-G*G*G* 
A*A*A  G*C*C*  A*G*G*  A*A*T*  C*T*A*  G*A*G*  C*C*A*  A*T*G*  G*A-3';  and 
CD86-antisense,  5'-T*G*G*  G*T*G*  C*T*T*  C*C*G*  T*A*A*  G*T*T*  C*T*G* 
G*A*A*  C*A*C*  G*T*C-3'.  Scrambled  antisense  oligonucleotides  were  also 


formulated  into  microspheres  and  used  as  nonsense  controls  in  several 
experiments. 

An  aqueous  solution  of  the  oligonucleotide  mixture  was  prepared  by 
combining  aliquots  of  three  oligonucleotide  solutions  to  form  a  10  mg/ml 
solution.  Ten  milligrams  per  milliliter  poly-L-lysine-HBr  in  diH20  (poly-L- 
lysine-HBr  with  an  average  molecular  weight  of  50,000  Da;  Bachem,  King  of 
Prussia,  PA)  was  prepared.  Poly-L-lysine-HBr  was  added  to  the  oligonucleotide 
solution  at  a  volumetric  ratio  of  1:1.  The  mixture  was  vortexed  gently.  A  25% 
polymer  solution  was  prepared  containing  12.5%  polyvinyl  pyrrolidone  (PVP; 
with  an  average  molecular  weight  of  40,000  Da;  Spectrum  Chemicals,  Gar¬ 
dena,  CA)  and  12.5%  polyethylene  glycol  (PEG;  with  an  average  molecular 
weight  of  3,350  Da;  Spectrum  Chemicals)  in  0.1  mol/1  sodium  acetate 
(Spectrum  Chemicals)  at  pH  5.5.  The  polymer  solution  was  added  in  a  2:1 
volumetric  ratio  as  follows:  750  jjlI  antisense  oligonucleotides,  750  pJ  poly-L- 
lysine-HBr,  3.0  ml  PEG/PVP,  to  a  final  total  volume  of  4.5  ml. 

The  4.5-ml  preparation  was  incubated  for  30  min  at  70°C  and  then  cooled 
to  23°C.  The  solution  became  turbid  on  cooling,  and  a  precipitate  was  formed. 
The  suspension  was  then  centrifuged,  and  the  excess  PEG/PVP  was  aspirated. 
The  resulting  pellet  was  washed  by  resuspending  the  pellet  in  deionized  water, 
followed  by  centrifugation  and  removal  of  the  supernatant.  The  washing 
process  was  repeated  three  times.  The  aqueous  suspension  was  frozen  and 
lyophilized  to  form  a  dry  powder  of  microspheres  comprising  oligonucleotide 
and  poly-L-lysine.  Particle  size  was  determined  using  dynamic  light  scattering 
(LB-550  Nanoparticle  Size  Analyzer;  Horiba,  Irvine,  CA).  Microsphere  mor¬ 
phology  was  examined  by  scanning  electron  microscopy  (S-4800;  Hitachi, 
Pleasanton,  CA). 

The  weight  percent  load  of  the  antisense  oligonucleotide  components  in 
the  microsphere  was  determined  using  gradient  reverse-phase  high-perfor¬ 
mance  liquid  chromatography  (HPLC)  with  UV  detection  at  260  nm  (Waters, 
Milford,  MA).  The  microspheres  were  deformulated  using  competitive  dis¬ 
placement  of  the  DNA  oligonucleotides  from  the  poly-L-lysine  using  an  excess 
of  poly-L-aspartic  acid  sodium  salt  (molecular  weight  5,000-15,000  Da;  Sigma) 
in  Tris  EDTA  buffer  (pH  7.8)  at  55°C  for  24  h.  The  reverse-phase  HPLC  was 
performed  on  a  Waters  XTerra  MS  C18  column  (4.6  X  50  mm).  Mobile  phase 
A  was  8.6  mmol/1  tetraethylammonium  and  100  mmol/1  HFIP,  pH  8.2.  Mobile 
phase  B  was  methanol.  The  oligonucleotides  were  eluted  with  a  30-min 
gradient  of  15%  B  to  18%  B  at  a  flow  rate  of  0.5  ml/min.  The  column 
temperature  was  maintained  at  60°C. 

Approximately  1.1  mg  microspheres  was  suspended  into  1.1  ml  lx  PBS 
(pH  7.4)  to  measure  in  vitro  release.  The  microspheres  were  centrifuged  at 
several  time  points,  and  the  release  medium  was  aspirated  and  measured  at 
UV  260  nm.  Fresh  release  medium  was  added  to  the  microspheres  until  the 
next  time  point.  The  release  studies  were  conducted  at  22  and  37°C. 
Experimental  animals.  Female  NOD/LtJ,  NOD-scid,  C57BL/6,  and  Balb/c 
mice  were  purchased  from  The  Jackson  Laboratories  (Bar  Harbor,  ME)  and 
used  between  the  ages  of  5  and  22  weeks.  Animals  were  maintained  in  a 
specific  pathogen-free  environment  in  the  Animal  Facility  of  the  Rangos 
Research  Center  and  used  in  full  compliance  with  experimentation  protocols 
approved  by  the  Animal  Research  Care  Committee  of  the  Children’s  Hospital 
of  Pittsburgh. 

Reagents,  biochemicals,  and  cell  culture.  All  biochemical  and  cell  culture 
reagents  were  purchased  from  Invitrogen  (Carlsbad,  CA).  Antibodies  were 
purchased  from  BD  Biosciences  (San  Diego,  CA)  either  as  directly  conjugated 
fluorescent  embodiments  or  as  affinity-purified  preparations  in  concert  with 
fluorescently  labeled  isotype-matched  secondary  products.  The  specific 
clones  used  were  CD4  clone,  RM4-5;  and  CD25  clone,  7D4.  To  ascertain  the 
prevalence  of  Foxp3+  cells,  we  used  the  kit  commercially  available  from 
eBioscience  (San  Diego,  CA),  which  includes  the  FJK-16S  Foxp3  clone.  Spleen 
or  lymph  node- derived  cells  were  enriched  into  T-cells  using  column  meth¬ 
odology  (R&D  Systems,  Indianapolis,  IN).  The  NIT-1  (NOD  insulinoma  T- 
antigen-transformed-1  cell  line)  insulinoma  cell  line  (CRL-2055;  American 
Type  Culture  Collection)  was  maintained  in  Ham’s  F-12K  medium  with  2 
mmol/1  L-glutamine  and  10%  heat-inactivated  fetal  bovine  serum  until  70% 
confluence.  The  cells  were  then  gently  removed  by  collagenase  digestion  and 
made  into  lysates  by  repeated  freeze-thaw  cycles.  The  lysate  was  dispensed 
into  aliquots  in  sterile  PBS. 

Antisense  microsphere  administration.  Microspheres  formulated  with  the 
mixture  of  the  CD40,  CD80,  and  CD86  antisense  oligonucleotides  (AS-MSPs) 
or  with  scrambled  control  sequences  (SCR-MSP)  were  dispensed  into  aliquots 
of  50-|xg  oligonucleotide  formulations  in  sterile  PBS.  One  hundred  microliters 
of  AS-MSP,  SCR-MSP,  or  PBS  was  injected  subcutaneously,  at  a  site  anatom¬ 
ically  proximal  to  the  pancreatic  lymph  nodes,  into  5-  to  8-week-old  NOD 
female  mice  in  the  initial  prevention  study.  To  determine  their  efficacy  in 
new-onset  diabetic  NOD  mice,  we  first  treated  diabetic  mice  (determined  by 
two  consecutive  blood  glucose  measurements  of  >300  mg/dl)  once  daily  with 
2  units  1:1  Humulin  R:Humulin  N  mix  in  PBS  until  nonfasting  blood  glucose 
stabilized  to  below  300  mg/dl.  Insulin  treatment  was  immediately  stopped,  and 
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the  microsphere  formulations  were  injected  subcutaneously,  at  a  site  anatom¬ 
ically  proximal  to  the  pancreatic  lymph  nodes,  three  times  a  week  until  the 
mice  were  killed  for  further  study. 

Adoptive  transfer  of  immune  cells  into  NOD-scid  recipients.  To  deter¬ 
mine  whether  the  microsphere  administration  induced  regulatory  immune  cell 
populations,  we  isolated  spleen  from  diabetes-free  NOD  mice,  administered 
the  AS-MSP,  and  made  single  cells.  Parallel  single-cell  preparations  were 
enriched  into  T-cells.  Splenocytes  and  enriched  T-cells  were  cotransferred  in 
equal  numbers  (1  X  107)  into  7-  to  10-week-old  female  NOD-scid  recipients  by 
intravenous  injection.  Diabetes  was  monitored  on  consecutive  days,  twice 
weekly. 

Fluorescence-activated  cell  sorter  analysis.  Fluorescence-activated  cell 
sorter  (FACS)  analyses  were  performed  on  spleen  or  lymph  node  cells  of 
successfully  treated  NOD  mice  periodically.  These  were  mice  that  were 
treated  at  <10  weeks  of  age  and  remained  diabetes  free  or  new-onset  diabetic 
mice  that  were  “reversed.”  Specifically,  cell  surface  phenotype  of  the  T-cells 
was  assessed  by  FACS  analysis  in  a  FACSVantage  SE  instrument  using 
FACSDiva  and  CellQuest  modules  (BD  Biosciences).  In  addition  to  the 
antibodies  described  above,  relevant  isotype-specific,  fluorescently  conju¬ 
gated  antibodies  were  used  throughout  as  controls  for  nonspecific  cell  surface 
binding.  Cells  were  incubated  with  mixtures  of  specific  antibodies,  and  in 
parallel,  with  the  isotype  controls  at  titers  between  1:100  and  1:500  as  per  the 
manufacturer’s  suggestions.  They  were  also  labeled  with  propidium  iodide, 
7-AAD,  and/or  the  annexin  V-staining  reagent  (Invitrogen-Molecular  Probes) 
and  then  used  directly  for  FACS  analysis.  Percentage  of  positive  cells  or  mean 
fluorescence  intensity  was  measured  for  cells  gated  on  forward  and  side- 
scatter  properties  representing  T-lymphocytes.  Dead  cells  and  cell  clumps 
were  excluded  from  the  analyses,  which  were  performed  using  the  CellQuest 
software  package. 

T-cell  proliferation  assays  in  culture.  To  ascertain  proliferation  of  T-cells 
from  AS-MSP-treated  NOD  mice  to  alloantigens  or  nominal  antigens,  spleens 
were  isolated  from  randomly  selected  mice  and  enriched  into  T-cells.  These 
were  then  cocultured  with  equal  numbers  of  irradiated  splenocytes  (1  X  105) 
from  allogeneic  mice  or  syngeneic  mice  in  the  presence/absence  of  1  (jig  intact 
ovalbumin.  Proliferation  was  measured  5  days  later  using  the  CyQuant 
fluorometric  reagent  (Invitrogen-Molecular  Probes)  as  directed  by  the  manu¬ 
facturer.  The  coculture  supernatants  were  retained  to  measure  cytokine  levels 
by  Luminex-based  fluorescence  methods  (Beadlyte;  Upstate  Biotechnology). 
To  measure  proliferation  in  response  to  the  NIT-1  cell  line-derived  lysate,  1  X 
105  splenocytes  from  treated  NOD  mice  were  cocultured  with  an  equal 
number  of  syngeneic  and  age-matched  irradiated  splenocytes  with  or  without 
the  addition  of  5  |xg  NIT-1  cell  lysate.  After  5  days,  the  supernatant  was 
removed  for  cytokine  analysis,  and  proliferation  was  measured. 

Histology.  The  degree  of  insulitis  in  the  pancreata  of  randomly  selected 
successfully  treated  NOD  mice  was  ascertained  in  serial  sections  of  formalin- 
fixed  tissue  by  hematoxylin-eosin  treatment.  Additional  sections  were  probed 
for  insulin  content  using  a  commercially  available  method  (Vector  BioLabs) 
with  an  insulin  antibody  (DakoCytomation,  Carpinteria,  CA). 

In  vivo  live-animal  imaging.  NOD  female  mice  (8  weeks  of  age)  were 
anesthetized  with  isoflurane  delivered  by  the  XGI-8  Gas  Anesthesia  System 
(Xenogen).  Initial  isoflurane  concentration  was  set  to  2.5%  and  was  reduced  to 
1.5%  once  the  animal  was  anesthetized.  Mice  were  imaged  before  injection  on 
the  IVIS  Lumina  (Xenogen)  system  using  a  dsRed  filter  set.  Fluorescent 
exposure  times  of  0.8  s  were  used  for  in  vivo  imaging  and  of  0.1  s  for  ex  vivo 
imaging.  Once  imaged  for  background  fluorescence,  mice  received  a  300-|xl 
intraperitoneal  injection  that  contained  either  a  mixture  of  150  |xl  fluorescent 
microspheres  (FluoSpheres  580  nm/605  nm;  Molecular  Probes-Invitrogen)  and 
100  |xl  PBS  (control)  or  a  mixture  of  150  |xl  fluorescent  microspheres 
(FluoSpheres  580  nm/605  nm)  and  0.5  |xg/jxl  AS-MSP  microspheres.  Mice  were 
then  imaged  just  before  euthanasia  (and  organ  excision)  at  3,  24,  and  48  h  after 
injection.  The  spleen  and  pancreas  were  then  removed  and  imaged  immedi¬ 
ately  afterward.  In  a  subsequent  study,  a  PROMAXX  formulation  of  a 
Cy3-labeled  oligonucleotide  nontargeting  siRNA  sequence  purchased  from 
Dharmacon  (Lafayette,  CO)  was  injected  subcutaneously  at  an  anatomically 
distal  and  proximal  site  to  the  pancreatic  lymph  nodes  (scruff  and  flank, 
respectively)  and  the  pancreas  and  spleen  were  excised  3  h  after  the  injection. 
Average  radiance  of  organs  was  calculated  using  Living  Image  version  3.0 
(Xenogen-Caliper  Life  Sciences),  and  mean  values  were  graphed. 
Determination  of  costimulatory  molecule  levels  on  dendritic  cells 
loaded  with  AS-MSP  in  spleen  in  vivo.  Female  NOD  mice  (8-12  weeks  of 
age)  were  treated  with  fluorescent  microspheres  0.2  jxm  in  diameter  with  the 
excitation  emission  profiles  of  505  nm/515  nm  (FluoSpheres  505  nm/515  nm; 
Molecular  Probes-Invitrogen).  The  mice  were  injected  subcutaneously  with  a 
mix  of  either  100  (jlI  fluorescent  microspheres  and  100  |xl  PBS  (control)  or  100 
jjlI  fluorescent  microspheres  and  100  |xl  0.5  |xg/p,l  antisense  oligonucleotide 
mixture  (CD40,  CD80,  and  CD86)  in  a  total  volume  of  300  pi  Spleens  where 
excised  at  1,  2,  3,  and  6  days  after  injection.  Single  splenocytes  were  treated 


with  Mouse  BD  Fc  block  (BD  Pharmingen)  for  5  min  to  reduce  nonspecific 
antibody  binding.  Cells  were  then  treated  with  anti-mouse  CD  11c  allophyco- 
cyanin  (APC)  and  CD40  phycoerythrin  (PE),  CD80  PE,  or  CD86  PE  for  30  min 
(BD  Pharmingen),  after  which  the  cells  were  washed  and  fixed  in  a  2% 
paraformaldehyde  solution.  Cells  were  then  gated  by  FACS  into  CD  11c  and 
fluorescent  microsphere  double-positive  cells,  and  within  this  gate,  CD40, 
CD80,  and  CD86  levels  were  further  ascertained.  Control  isotypes  were  used 
throughout  this  experiment. 

Statistical  analysis.  Student’s  t  test,  ANOVA,  and  Kaplan-Meier  log-rank 
analysis  where  described  were  facilitated  using  the  Prism  version  4  software 
by  GraphPad  (San  Diego,  CA). 


RESULTS 

Characterization  of  antisense  oligonucleotide-for¬ 
mulated  PROMAXX  microspheres  (AS-MSPs).  Scan¬ 
ning  electron  micrographs  of  the  PROMAXX  microspheres 
exhibited  a  relatively  smooth  surface  (Fig.  L4).  The  parti¬ 
cle  size  of  the  microspheres  determined  by  light  scattering 
was  0.5-4  fxm  in  size  with  an  average  particle  size  of  —2.5 
|xm.  Thus,  the  calculated  surface  area  of  a  single  micro¬ 
sphere  is  —19.6  [xm2.  The  loading  of  oligonucleotides 
determined  by  reverse-phase  HPLC  in  the  microspheres 
was  —70%  weight  by  weight.  Based  on  these  measure¬ 
ments,  the  calculated  number  of  copies  of  antisense 
oligonucleotide  per  microsphere  was  —1.05  X  108. 

The  in  vitro  release  kinetics  of  the  antisense  oligonucle¬ 
otides  from  the  microspheres  is  shown  in  Fig.  IB  at  22  and 
37°C.  The  data  show  that  after  a  small  initial  burst  effect, 
the  cumulative  percent  release  is  proportional  to  the 
square  root  of  time.  However,  after  120  h,  <1.1%  of  the 
incorporated  antisense  oligonucleotides  have  been  re¬ 
leased  at  37°C  and  <0.8%  release  was  observed  at  22°C. 
This  suggests  that  despite  the  70%  weight  percent  loading 
of  oligonucleotide  in  the  microspheres,  most  of  the  drug 
release  occurs  only  after  the  microsphere  has  been  up- 
taken  by  cells  in  vivo. 

Administration  of  diabetes-suppressive  antisense 
oligonucleotide-formulated  PROMAXX  microspheres 
into  pre-diabetic  NOD  female  mice  delays/prevents 
diabetes  and  reverses  it  in  new-onset  diabetic  ani¬ 
mals.  Our  previous  studies  demonstrated  that  NOD-de- 
rived  dendritic  cells  treated  ex  vivo  with  a  mixture  of 
phosphorothioated  antisense  oligonucleotides  targeting 
the  5'  end  of  the  CD40,  CD80,  and  CD86  primary  tran¬ 
scripts  prevented  diabetes  in  syngeneic  recipients  (19,20). 
To  determine  whether  the  microsphere-formulated  anti- 
sense  mixture  was  as  efficacious,  we  administered  AS-MSP 
targeting  the  5'  end  of  the  CD40,  CD80,  and  CD86  primary 
transcripts  into  NOD  female  mice  between  the  ages  of  5 
and  8  weeks.  As  controls,  we  concurrently  treated  parallel 
groups  with  PROMAXX  formulation  containing  SCR-MSP 
and  PBS  vehicle.  One  single  injection  of  AS-MSP,  at  a  site 
anatomically  proximal  to  the  pancreatic  lymph  nodes, 
significantly  delayed  onset  of  diabetes  (Fig.  1(7),  and  eight 
consecutive  injections  (Fig.  ID)  were  very  efficacious  in 
preventing  the  disease  altogether.  All  NOD  mice  treated 
with  control  formulations  and  untreated  NOD  mice  devel¬ 
oped  diabetes  by  22  weeks  of  age.  We  are  now  determining 
whether  fewer  consecutive  injections  can  be  as  efficacious. 

We  then  proceeded  to  determine  whether  the  AS-MSP 
could  reverse  new-onset  hyperglycemia,  which  could  sug¬ 
gest  reversal  of  autoimmunity  and  mechanisms  promoting 
preservation  of  residual  (3-cell  mass  in  NOD  mice.  NOD 
mice  between  12  and  16  weeks  of  age  developed  diabetes 
confirmed  by  two  consecutive  blood  glucose  readings  of 
>300  mg/dl.  These  mice  were  treated  with  daily  insulin 
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MSP  s.c.  injections  from  5-13  weeks  of  age;  once  weekly  (50  jig  equivalents 
of  AS-MSP  or  SCR-MSP).  Injections  stopped  on  week  13 


FIG.  l.A:  Scanning  electron  micrograph  of  the  AS-MSP.  The  micrograph  exhibits  an  essentially  smooth  surface  with  particle  diameters  in  the  1- 
to  4-|mm  size  range.  Size  bar  is  shown  at  bottom  of  the  micrograph.  B :  The  cumulative  percent  release  of  antisense  oligonucleotides  from  the 
microspheres.  The  cumulative  percent  release  was  observed  to  be  directly  proportional  to  the  square  root  of  time.  At  22°C,  —0.8%  of  the 
oligonucleotide  was  released,  and  at37°C,  —1.1%  of  the  incorporated  oligonucleotide  was  released.  The  release  kinetics  appears  to  conform  to 
matrix  diffusion  release  mechanism.  C :  AS-MSP  administration  into  NOD  mice  at  5-8  weeks  of  age  delays  diabetes  onset.  Two  groups  of  NOD 
female  mice  (5-8  weeks  old)  were  given  a  single  subcutaneous  injection  of  microsphere-formnlated  antisense  oligonucleotides  at  a  site 
anatomically  proximal  to  the  pancreatic  lymph  nodes.  The  formulation  was  injected  in  the  amount  of  what  was  considered  to  contain  50  mg  of 
a  1:1:1  mixture  of  each  antisense  oligonucleotide  (anti-CD40,  anti-CD80,  and  anti-CD86)  or  scrambled  sequences  (SCR-MSP)  or  PBS  vehicle 
(control).  Tail  vein  blood  glucose  was  measured  weekly.  Diabetes  was  confirmed  after  two  consecutive  readings  of  >280-300  mg/dl.  The  graph 
shows  cumulative  survival  of  two  independently  treated  cohorts.  P  <  0.0001,  Kaplan-Meier  analysis.  D:  Frequent  AS-MSP  administration  into 
NOD  mice  at  5-8  weeks  of  age  prevents  diabetes  onset.  NOD  female  mice  (5-8  weeks  old)  were  given  eight  consecutive  single  subcutaneous 
injections,  at  a  site  anatomically  proximal  to  the  pancreatic  lymph  nodes  (once  weekly),  of  microsphere-formulated  antisense  oligonucleotides. 
The  formulation  was  injected  in  the  amount  of  what  was  considered  to  contain  50  jrg  of  a  1:1:1  mixture  of  each  antisense  oligonucleotide 
(anti-CD40,  anti-CD80,  and  anti-CD86;  AS-MSP)  or  scrambled  sequences  (SCR-MSP)  or  PBS  vehicle  (control).  Tail  vein  blood  glucose  was 
measured  twice  weekly.  Diabetes  was  confirmed  after  two  consecutive  readings  of  >280-300  mg/dl.  P  <  0.0001,  Kaplan-Meier  analysis. 


injections  intraperitoneally  until  glycemia  was  stabilized 
to  <300  mg/dl.  Decreased  blood  glucose  was  generally 
observed  over  a  10-  to  18-day  period  of  insulin  administra¬ 
tion.  The  insulin  was  then  immediately  discontinued  and 
AS-MSP,  SCR-MSP,  or  PBS  was  injected  subcutaneously, 
at  a  site  anatomically  proximal  to  the  pancreatic  lymph 
nodes,  twice  weekly  for  no  more  than  25  days  after  the 
first  microsphere  administration  (Fig.  2 A).  Figure  2 B  and  C 
demonstrate  that  AS-MSP  administration  can  reverse  new- 
onset  hyperglycemia  that  is  stably  maintained  even  after 
cessation  of  the  microsphere  treatment.  This  outcome  is 
reproducible,  and  in  Fig.  2D,  we  show  the  outcome  from 
three  additional  study  groups.  An  additional  7  of  15  mice 
exhibited  reversal  of  hyperglycemia  and  stable  mainte¬ 
nance  after  cessation  of  the  AS-MSP  administration. 

To  ascertain  the  degree  to  which  pancreatic  inflamma¬ 
tion  was  affected  in  NOD  recipients  of  the  AS-MSP  that 


exhibited  long-term  protection  from  diabetes  (treated  with 
AS-MSP  at  <8  weeks  of  age;  cohort  shown  in  Fig.  ID),  we 
isolated  pancreata  from  three  randomly  selected  AS-MSP 
recipients,  SCR-MSP  controls,  and  diabetic  NOD  mice. 
Whereas  SCR-MSP-treated  mice  and  diabetic  controls 
exhibited  significant  insulitis  and  indistinguishable  islet 
mass,  respectively,  we  observed  normal  islet  architecture 
with  an  absence  of  insulitis  in  AS-MSP  recipients  (Fig.  3). 
AS-MSP  treatment  of  NOD  female  mice  augments  the 
prevalence  of  Foxp3+  CD25+  putative  regulatory 
T-cells  in  vivo.  Our  previous  data  suggested  that  the  ex 
vivo  antisense-treated  dendritic  cells  were  suppressive  at 
least  in  part  by  augmenting  the  prevalence  of  CD4+  CD25+ 
putative  regulatory  T-cells  (Treg  cells)  (19,20).  We  have 
now  specifically  addressed  the  question  of  whether  AS- 
MSP  directly  augment  Treg  cells  by  enumerating  the 
percentage  of  Foxp3+  CD25+  T-cells  inside  a  CD4+  gate  in 
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FIG.  2.  Multiple  rounds  of  AS-MSP  administration  into  new-onset 
diabetic  NOD  female  mice  with  improved  blood  glucose  levels;  stable 
fasting  euglycemia  even  after  AS-MSP  withdrawal.  Diabetes  onset  was 
confirmed  by  two  consecutive  blood  readings  of  >300  mg/dl.  Insulin 
was  administered  daily  until  blood  glucose  fell  below  300  mg/dl. 
Insulin  was  immediately  stopped  and  the  AS-MSP  administrations  (at 
a  site  anatomically  proximal  to  the  pancreatic  lymph  nodes)  began  as 
shown  in  the  timeline  (A).  In  some  mice,  AS-MSP  administration  was 
withdrawn  as  shown  in  A.  The  data  show  the  mean  nonfasting  blood 
glucose  (B)  and  the  mean  fasting  blood  glucose  (C)  ±  SE.  The  graphs 
( D )  show  reversal  of  new-onset  diabetes  in  separate  groups  of  dia¬ 
betic  mice  after  multiple  AS-MSP  administrations  as  described  in 

RESEARCH  DESIGN  AND  METHODS. 


the  spleen  and  lymph  nodes  of  pre-diabetic  NOD  females. 
AS-MSP  alone,  and  not  the  control  microspheres  or  PBS, 
augmented  the  prevalence  of  Foxp3+  CD25+  T-cells  (Fig. 
4). 

Given  that  the  AS-MSP  treatment  yielded  augmented 
numbers  of  CD4+  CD25+  Foxp3+  putative  Treg  cells,  it 
was  logical  to  posit  that  a  splenocyte  population  from 


AS-MSP-treated  mice  should  be  able  to  confer  some 
degree  of  suppression  to  diabetes  inducement  in  immuno- 
deficient  mice  administered  splenocytes  from  diabetic 
NOD  mice.  Toward  this  objective,  a  1:1  mix  of  splenocytes 
from  AS-MSP-treated  diabetes-free  NOD  mice  and  new- 
onset  diabetic  NOD  mice  was  injected  into  female  NOD- 
scid  mice  between  6  and  10  weeks  of  age.  As  controls,  a  1:1 


1548 


DIABETES,  VOL.  57,  JUNE  2008 


B.  PHILLIPS  AND  ASSOCIATES 


Diabetic  NOD 


SCR-MSP  NOD  AS-MSP-treated 

(hyperglycemic)  diabetes-free  NOD  mice 


H+E 


Insulin 

staining 


Diabetic  NOD 


SCR-MSP  NOD  AS-MSP-treated 

(hyperglycemic)  diabetes-free  NOD  mice 


FIG.  3.  Absence  of  insulitis  and  normal  insulin  content  in  pancreata  of  AS-MSP-treated  NOD  mice.  Top :  Hematoxylin-eosin  staining  of 
representative  serial  sections  from  diabetic,  SCR-MSP  diabetic,  and  diabetes-free  AS-MSP  recipients.  Bottom :  Insulin  staining  of  representative 
serial  sections  from  diabetic,  SCR-MSP  diabetic,  and  diabetes-free  AS-MSP.  Sections  are  representative  of  three  randomly  selected  NOD  mice  in 
each  group. 


mix  of  splenocytes  from  nondiabetic  10-week-old  NOD 
mice  was  treated  with  either  SCR-MSP  (eight  consecutive 
subcutaneous  injections  spaced  every  3  days  apart),  and 
splenocytes  from  diabetic  mice  were  injected  into  6-  to 
10-week-old  NOD-scid  females.  In  addition,  another  con¬ 
trol  group  of  NOD-scid  mice  was  injected  with  splenocytes 
from  new-onset  diabetic  NOD  mice.  Each  cell  population 
consisted  of  1  X  107  splenocytes  freshly  isolated.  Blood 
glucose  was  monitored  twice  weekly,  and  two  consecutive 
readings  of  nonfasting  glucose  >300  mg/dl  was  considered 
as  the  diabetic  threshold.  Figure  5  demonstrates  that 
adoptive  transfer  of  diabetes  in  NOD-scid  recipients  was 
almost  completely  abrogated  in  the  presence  of  spleno¬ 
cytes  derived  from  AS-MSP  recipients  that  were  diabetes 
free. 

In  vivo-injected  AS-MSPs  accumulate  within  the  pancre¬ 
atic  lymph  nodes  and  spleen  and  confer  decreased  co¬ 
stimulatory  molecule  surface  expression  on  splenic 
dendritic  cells  in  vivo.  To  determine  the  route  of  migration 
of  the  AS-MSP,  which  could  offer  insight  into  the  mecha¬ 
nism  of  immunoregulation  and  diabetes  suppression,  we 
used  in  vivo  imaging  technology  to  observe  the  temporal 
accumulation  of  a  1:1  mix  of  commercially  available 
fluorescent  microspheres  and  the  AS-MSPs.  The  sizes  of 
the  commercially  purchased  fluorescent  microspheres 
(FluoSpheres)  were  considerably  smaller  than  the  particle 
size  of  the  AS-MSP.  The  AS-MSP  were  2.5  [xm  on  average 
and  the  FluoSpheres  were  0.2  fxm  on  average.  Thus  the 
FluoSpheres  should  not  interfere  with  the  uptake  of  the 
AS-MSP  by  dendritic  cells.  In  Fig.  6,  we  show  that  as  early 
as  3  h  after  intraperitoneal  injection,  the  fluorescent 
microspheres  accumulated  at  anatomical  sites  where  the 
pancreas  and  the  spleen  reside  (Fig.  6A).  The  intensity  of 
the  fluorescence  did  not  change  over  a  72-h  monitoring 
period  (data  not  shown).  To  confirm  the  accumulation  of 


the  microspheres  within  the  pancreas  and  spleen,  we 
excised  these  two  organs  from  the  mice  that  were  being 
monitored  live,  and  in  Fig.  6 B,  we  confirm  that  the 
fluorescent  microspheres  accumulated  as  early  as  3  h  after 
injection  at  distinct  foci  in  pancreas,  which  we  interpret  to 
be  the  pancreatic  lymph  nodes,  and  at  distinct  foci  within 
the  spleen.  Although  accumulation  of  fluorescent  micro¬ 
spheres  was  observed  in  these  two  organs  regardless  of 
whether  AS-MSP  were  included  in  the  mix  or  not,  the 
actual  intensity  of  the  fluorescence  was  different  in  organs 
excised  at  the  times  indicated  in  Fig.  6 C  and  D.  The 
fluorescence  was  evident  in  the  spleen  and  pancreata  of  all 
mice  at  all  time  points  studied  (from  3  h  to  6  days  after 
injection)  (Fig.  6;  data  not  shown). 

As  an  additional  confirmation  that  oligonucleotide- 
formulated  microspheres  accumulate  inside  the  pancreas 
and  spleen,  we  injected  PROMAXX-formulated  Cy3-la- 
beled  siRNA  to  CD86  identically  as  described  above.  We 
also  compared  the  pancreatic  accumulation  of  this  Cy3- 
labeled  formulation  after  intraperitoneal  injection,  subcu¬ 
taneous  injection  at  a  site  distal  to  the  anatomic  location 
of  the  pancreatic  lymph  nodes  (at  the  scruff  of  the  mouse), 
and  subcutaneous  injection  at  the  site  used  in  the  preven¬ 
tion  and  reversal  studies  documented  herein  (flank  of  the 
mouse).  Figure  6E  confirms  the  pancreatic  accumulation 
of  PROMAXX-formulated  Cy3-labeled  oligonucleotide  at 
3  h  after  injection  but  only  when  the  subcutaneous  injec¬ 
tion  was  performed  anatomically  proximal  to  the  pancre¬ 
atic  lymph  nodes. 

To  confirm  that  AS-MSP  administration  conferred  a 
decrease  in  CD40,  CD80,  and  CD86  in  dendritic  cells  in 
vivo,  we  injected  NOD  mice  intraperitoneally  with  a  mix¬ 
ture  of  the  FluoSpheres  with  PBS  as  control  or  with 
AS-MSP  as  described  in  research  design  and  methods.  At  the 
times  indicated  at  the  top  of  each  graph  in  Fig.  6 F,  we 
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FIG.  4.  T-cells  from  AS-MSP-treated,  diabetes-free  NOD  mice  exhibit  increased  prevalence  of  Foxp3+  CD25+  putative  Treg  cells.  T-cells  were 
enriched  from  the  spleen  or  the  pooled  lymph  nodes  of  AS-MSP-treated  diabetes-free  mice  selected  at  random  from  the  AS-MSP  diabetes-free 
cohort  shown  in  Figure  ID.  All  mice  treated  with  PBS  or  SCR-MSP  developed  diabetes  as  shown  in  Figure  ID.  At  the  time  of  diabetes  confirmation, 
T-cells  were  harvested  from  spleen  and  pooled  lymph  nodes.  The  cells  were  then  stained  intracellularly  for  Foxp3  and  with  CD25,  and  the 
percentage  of  double-positive  cells  in  a  lymphocyte  population  was  determined  by  FACS  analysis.  An  example  of  the  gating  is  shown  in  A.  The 
scatter  gram  in  B  shows  the  percentage  of  double-positive  cells  in  individual  mice  at  the  time  of  euthanasia  in  spleen,  and  in  C,  the  percentage 
of  putative  Treg  cells  in  pooled  lymph  node  is  shown.  P  <  0.001  between  AS-MSP-treated  mice  and  the  two  controls  in  both  graphs  by 
Mann- Whitney  U  test. 


excised  the  spleen  and  measured  CD40,  CD80,  and  CD86 
levels  in  CDllc+  fluorescence+  double-positive  single 
cells.  We  observed  a  decreased  level  of  all  three  costimu¬ 
latory  molecules  on  CDllc+  cells  that  had  concentrated 
the  mixture  of  fluorescent  microspheres  and  AS-MSP  as 
early  as  1  day  after  injection  with  maintenance  of  these 
levels  compared  with  CDllc+  cells  from  control  mix- 


treated  NOD  mice  over  a  6-day  monitoring  period.  The 
only  exception  was  seen  at  day  3  for  CD40. 

AS-MSP  treatment  of  NOD  pre-diabetic  female  mice 
yields  T-cells  hyporesponsive  to  NIT-1  cell  lysate  in 
vitro  without  inducing  nonspecific  immunosuppres¬ 
sion.  A  major  concern  for  eventual  translation  of  diabetes- 
suppressive  therapies  into  human  trials  is  the  antigen 
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DIABETES  INCIDENCE  IN  NON-SCID  RECIPIENTS 

-  Spl  from  diabetic  NOD  mice:  0/5  at  16  weeks  post  transfer  (p.t) 

-  Spl  from  single  AS-MSP  inj*  mice:  2/5  at  16  weeks  p.t 

-  Spl  from  multiple  AS-MSP  inj.  mice:  4/5  at  16  weeks  p.t. 

FIG.  5.  Cotransfer  of  splenocytes  from  AS-MSP-treated,  diabetes-free 
NOD  mice  suppresses  the  adoptive  transfer  of  diabetes  into  NOD-scid 
mice  by  splenocytes  from  diabetic  NOD  donors.  Four  of  five  NOD-scid 
recipients  of  splenocytes  from  AS-MSP-treated  NOD  mice  and  diabe¬ 
togenic  splenocytes  remained  diabetes-free  at  16  weeks  after  cell 
transfer,  whereas  only  two  of  five  and  zero  of  five  were  diabetes-free 
after  cotransfer  of  diabetogenic  splenocytes  and  splenocytes  from 
SCR-MSP  and  PBS-treated  NOD  mice,  respectively.  In  the  graph  inset , 
Spl  refers  to  splenocytes  and  p.t.  refers  to  the  time  the  mice  were  killed 
for  further  analysis  after  transfer.  Splenocytes  from  randomly  selected 
diabetes-free  AS-MSP-treated  mice  from  the  treatment  groups  shown 
in  Figure  1C  and  D  (single  or  multiple  AS-MSP  injections)  were 
cotransferred  into  female  NOD-scid  mice  of  10  weeks  of  age  along  with 
an  equal  number  of  splenocytes  (lx  107)  from  new-onset  diabetic  NOD 
female  mice  (15-18  weeks  old).  Diabetes  was  monitored  once  weekly  in 
tail  vein  blood.  Levels  of  >280  mg/dl  at  two  consecutive  readings  were 
deemed  to  indicate  diabetes.  There  were  five  NOD-scid  recipients  per 
cotransfer  groups  as  shown  below  in  the  graph.  P  =  0.0003,  between 
control  and  AS-MSP  splenocyte  recipients,  Kaplan-Meier  analysis. 

specificity  and  therefore  the  cell  specificity  of  the  ap¬ 
proach  and  whether  the  treatment  confers  global  and 
nonspecific  suppression.  To  address  these  issues,  we 
killed  randomly  selected  diabetes-free  mice  from  the  co¬ 
horts  shown  in  Fig.  ID,  and  we  then  proceeded  to  ascer¬ 
tain  the  proliferation  of  splenic  and  lymph  node  T-cells  to 
alloantigens,  nominal  antigens  using  intact  ovalbumin  and 
also  using  syngeneic  (3-cell- derived  antigen  in  the  form  of 
cell  lysate  from  the  NOD-derived  insulinoma  cell  line 
NIT-1  (24,25).  Although  insulin  and  GAD  are  viable  candi¬ 
date  autoantigens  with  mechanistic  and  teleological  in¬ 
volvement  (26),  the  nature  of  the  initiating  autoantigen 
remains  unclear.  Nevertheless,  it  is  reasonable  to  consider 
that  it  should  be  (3-cell  resident.  Therefore,  we  used  the 
NIT-1  cell  line  that  derives  from  an  NOD  insulinoma  as  a 
source  of  (3-cell  antigen  in  cocultures  of  T-cells  from 
diabetes-free  NOD  mice  treated  with  the  AS-MSP  to  deter¬ 
mine  the  possibility  of  antigen-specific  hyporesponsive- 
ness.  Supplementary  Fig.  7  (available  in  an  online 
appendix  at  http://dx.doi.org/10.2337/db07-0507),  shows 
that  T-cell  proliferation  to  nominal  and  alloantigen  is 
maintained,  whereas  there  is  T-cell  hypoproliferation  in 
cocultures  with  NIT-1  cell  lysate.  Furthermore,  ascertain¬ 
ing  the  cytokine  profile  in  the  coculture  supernatants,  we 
observed  a  significant  decrease  in  TNF-a  production  by 
T-cells  from  AS-MSP-treated,  diabetes-free  NOD  mice 
even  in  the  presence  of  NIT-1  lysate  (Supplementary  Fig. 
7 F;  from  those  diabetes-free  NOD  mice  in  Fig.  ID).  Al¬ 
though  IFN-7  production  was  slightly  decreased  in  the 
cocultures  of  T-cells  from  the  AS-MSP-treated  mice,  it  was 
not  statistically  distinguishable  from  the  cocultures  with 
T-cells  from  PBS-treated  mice  in  the  presence  of  NIT-1 


lysate.  The  assay,  finally,  could  not  detect  the  presence  of 
IL-4,  IL-10,  or  TGF-a  in  the  supernatants. 


DISCUSSION 

Formulation  of  bioactive  agents  into  microparticles  offers 
a  versatile  means  of  delivering  these  molecules  in  vivo 
especially  for  the  purpose  of  modulating  the  immune 
system  (21,27).  An  important  component  of  the  modula¬ 
tory  properties  of  microspheres  is  the  polymer  backbone 
that  often  stimulates  potent  antigen-presenting  cell  activa¬ 
tion,  which  is  beneficial  for  tumor  immunotherapy  or 
antipathogen  interventions  (28,29).  For  the  purposes  of 
immunosuppression,  however,  the  polymer  and  the  com¬ 
ponent  chemistries  should  be  such  that  at  the  very  mini¬ 
mum,  they  should  be  neutral  on  antigen-presenting  cell 
state.  PROMAXX  nucleic  acid  microspheres  offers  this 
versatility  (23)  as  a  result  of  the  minimal  quantity  of 
formulation  excipients.  In  this  regard,  we  now  show  its 
utility  as  a  key  component  of  a  diabetes-suppressive 
vaccine. 

The  most  noteworthy  finding  in  these  studies  is  the 
capacity  of  the  AS-MSP  to  reverse  new-onset  hyperglyce¬ 
mia,  which  we  believe  is  underlined  by  preservation  of 
residual  (3-cell  mass.  Nevertheless,  we  cannot  yet  formally 
distinguish  this  from  a  potential  regenerative  process  of 
(3-cells  (division  of  existing  (3-cells  or  differentiation  of 
progenitor/stem  cells  from  ductal  epithelium  [30-32]). 
There  is,  however,  considerable  support  from  previous 
studies  for  a  sufficiency  in  (3-cell  mass  that  is  functionally 
responsive  to  glucose  at  the  time  of  diagnosis  of  type  1 
diabetes  (32-36).  This  mass,  if  permitted  to  recover  from 
autoimmune  attack  by  modulating  the  aggressive  and 
(3-cell-specific  immune  cells,  may  provide  the  patient  with 
normoglycemic  metabolic  control. 

Although  our  data  herein  are  not  the  first  to  demonstrate 
small  molecule- based  diabetes  prevention  in  the  NOD 
mouse,  they  are  the  first  to  show  a  well-defined  micropar¬ 
ticle  system  that  can  reverse  hyperglycemia  in  new-onset 
disease  whose  mechanism  of  action  is  decipherable.  In 
preliminary  studies,  we  have  observed  that  when  the 
formulation  was  injected  into  NOD-scid  immunodeficient 
mice  reconstituted  with  splenocytes  from  NOD  mice  of 
various  diabetes  stages  (young,  12-15  weeks  old  where 
autoimmunity  is  already  established  and  where  (3-cell 
function  is  impaired,  and  from  new-onset  diabetics),  the 
prevalence  of  CD4+  CD25+  putative  Treg  cells  increased. 
We  have  now  confirmed  herein  in  a  more  direct  experi¬ 
ment  that  CD4+  CD25+  Foxp3+  T-cells  numbers  increase 
in  female  NOD  mice  administered  AS-MSP.  These  findings 
may  explain  the  capacity  of  T-cells  from  AS-MSP-treated 
NOD  mice  free  of  diabetes  to  prevent  the  adoptive  cotrans¬ 
fer  of  the  disease  to  NOD-scid  recipients.  More  impor¬ 
tantly,  T-cells  from  diabetes-free  AS-MSP  exhibited  poor 
proliferation  to  NIT-1  lysate  in  vitro  while  proliferating 
vigorously  in  cocultures  with  allogeneic  irradiated  spleno¬ 
cytes  or  when  pulsed  with  ovalbumin. 

Many  lines  of  evidence  conclude  that  injected  micro¬ 
sphere  formulations  are  rapidly  taken  up  by  resident 
and/or  migratory  antigen-presenting  cells,  especially  den¬ 
dritic  cells,  and  accumulate  inside  lymphoid  organs  ana¬ 
tomically  proximal  to  the  site  of  injection.  Our  studies  in 
the  past  have  also  confirmed  this  uptake/trafficking  (K.N., 
J.H.,  N.G.,  unpublished  observations).  Herein,  we  have 
provided  some  of  these  data,  which  confirm  that  subcuta¬ 
neously  injected  microspheres  accumulate  as  early  as  3  h 
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FIG.  6.  In  vivo  accumulation  of  AS-MSP.  NOD  mice  received  a  subcutaneous  injection  containing  a  1:1  mix  of  0.2-pm-diameter  fluorescent 
microspheres  and  sterile  PBS  or  fluorescent  microspheres  with  50  p,g  AS-MSP.  A:  In  vivo  imaging  of  mice  was  performed  3  h  after  injection.  The 
injection  site  is  clearly  visible  as  well  as  regions  with  microsphere  accumulation  (anatomically  located  in  the  area  of  the  pancreas  and  the  spleen). 
B:  The  spleen  and  pancreas  were  removed  from  animals  at  3,  24,  and  48  h  after  injection  and  imaged.  The  excised  spleens  are  in  the  top  two  panels 
of  each  quadrant  (spleen  from  mice  receiving  the  fluorescent  microspheres + PBS  on  left  and  spleen  from  mice  receiving  the  fluorescent 
microspheres + AS-MSP  on  the  right ),  and  the  pancreata  are  shown  in  the  bottom  panels.  C  and  D:  The  mean  radiance  per  area  was  quantified  for 
the  excised  spleen  and  pancreas  and  graphically  shown  below  the  imaging  figures.  The  graphs  represent  organs  from  one  mouse  and  the 
differences  in  the  magnitudes  of  radiance  are  representative  of  organs  from  three  separate  mice.  E :  Comparison  of  intraperitoneal  versus 
subcutaneous  administration  of  directly  labeled  oligonucleotide  microspheres  on  accumulation  inside  the  pancreas.  NOD  mice  were  injected  with 


1552 


DIABETES,  VOL.  57,  JUNE  2008 


B.  PHILLIPS  AND  ASSOCIATES 


100 -| 

75- 

CD40  50- 

25- 
0  - 


Day  1 


CN 


AS 


100 

90 

80 

70 

60 

50 

40 


Day  2 


CN 


AS 


80 

70- 

60 

50 

40 


Day  3 


CN 


AS 


100-, 

90 

80 

70-| 

60 

50 

40-| 

30 

20 

10-| 

0 


Day  6 


CN 


as 


CD80 


100 

90 

80 

70 

60 

50 

40 


•• 


70 

60 

50 

40 

30 


CN 


AS 


CN 


AS 


CD86 


100  -i 

90- 

80- 

70 

60 

50-| 

40 


CN 


AS 


60 

55 

50 

45 

40 

35 


100-, 

90 

80 

70 

60- 

50- 

40 


CN 


AS 


CN 


AS 


after  injection  within  the  pancreas,  very  possibly  in  the 
lymph  nodes,  and  eventually  in  the  spleen.  Although  we  do 
not  explicitly  demonstrate  it,  we  are  very  confident  that 
the  most  likely  method  of  microsphere  accumulation 
inside  the  pancreas  is  via  dendritic  cells.  Of  wide  interest 
is  the  mechanism  by  which  antigen  and  therefore  cell/ 
tissue  specificity  is  acquired  by  the  microsphere-loaded 
dendritic  cells.  A  series  of  elegant  studies  (12-14,17)  point 
to  a  process  in  which  migratory  dendritic  cells  potentially 
acquire  the  microspheres  that  are  injected  physically 
proximal  to  a  site  of  ongoing  inflammation  and,  guided  by 
pro-inflammatory  signals  deriving  from  the  diabetic  pan¬ 
creas,  acquire  pancreatic  (3-cell  antigens  in  the  form  of 
apoptotic  cells  at  a  site  of  inflammation.  Then,  these 
dendritic  cells  will  exit  the  inflamed  tissue  and  accumulate 
within  the  regional  lymphoid  organs  where  they  can 
engage  not  only  effector  T-cells  but  Treg  cells  as  well 


(12-14,17,33).  It  has  been  shown  that  dendritic  cells  that 
acquire  apoptotic  cells  enter  into  a  state  of  functional 
immaturity,  which  may  result  in  tolerance  to  the  acquired 
antigens  (17,34).  We  hypothesize  that  a  similar,  if  not 
identical,  process  is  occurring  immediately  after  AS-MSP 
administration  in  NOD  mice.  The  inflammation  inside  the 
pancreas  with  associated  (3-cell  apoptosis  will  drive  AS- 
MSP-loaded  dendritic  cells  to  acquire  (3-cell  antigen,  and 
immediately  thereafter,  their  accumulation  inside  the  pan¬ 
creatic  lymph  nodes  will  facilitate  their  interaction  with 
Treg  cells,  which  may,  in  themselves  or  in  concert  with 
AS-MSP-stabilized  dendritic  cell  or  other  endogenous 
dendritic  cell  subsets,  induce  (3-cell-specific  immune  hy- 
poresponsiveness  or  functional  tolerance  to  (3-cell-re- 
stricted  antigens  (35-37).  We  show  that  microsphere- 
loaded  dendritic  cells  in  the  spleen  express  decreased 
levels  of  CD40,  CD80,  and  CD86  at  their  surface,  and  we 


a  PROMAXX  formulation  of  a  Cy3-labeled  siRNA  targeting  the  CD86  gene  via  subcutaneous  route  at  a  site  anatomically  distal  and  proximal  to 
the  pancreatic  lymph  nodes.  Three  hours  after  injection,  the  pancreata  and  spleens  were  harvested  and  imaged  as  described  in  research  design 
and  methods.  CN  refers  to  organs  from  mice  administered  PBS  vehicle  alone,  IP  refers  to  animals  receiving  microsphere-formulated 
Cy3-conjugated  oligonucleotide  by  intraperitoneal  route,  and  SubQ  refers  to  animals  receiving  microsphere-formulated  Cy3-conjugated 
oligonucleotide  by  subcutaneous  route.  Subcutaneous  delivery  was  made  into  the  scruff  of  the  animal  (close  to  the  neck;  NECK)  and  into  the  flank 
anatomically  proximal  to  the  pancreatic  lymph  nodes  (FLANK).  F:  AS-MSP  administration  does  not  increase  costimulatory  levels  on 
spleen-derived  dendritic  cells  in  vivo.  NOD  mice  were  treated  with  a  1:1  mix  of  fluorescent  microspheres  and  PBS  (CN)  or  with  fluorescent 
microspheres  and  50  |mg  antisense  oligonucleotide  mixture  (AS)  by  subcutaneous  injection.  Spleens  were  harvested,  and  single  cells  were  stained 
with  CD40,  CD80,  CD86,  and  CDllc  antibodies.  The  cells  were  analyzed  by  flow  cytometry  at  days  1,  2,  3,  and  6  after  injection.  Cell  populations 
that  stained  positive  for  CDllc  and  fluorescent  microspheres  were  then  gated  to  measure  the  presence  and  levels  of  CD40,  CD80,  or  CD86.  The 
graphs  show  the  median  of  the  costimulatory  molecule  levels  of  spleen  cells  from  individual  mice  (horizontal  bar)  as  the  percentage  of 
costimulatory  molecule  inside  a  CDllc+  fluorescent  bead+  gate.  P  <  0.05  by  Mann- Whitney  U  test  between  control  and  AS-MSP  mix-treated  mice 
for  CD86  on  day  1;  for  CD40,  CD80,  and  CD86  on  day  2;  for  CD40  on  day  3 
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anticipate  that  this  is  true  for  dendritic  cells  in  the 
pancreatic  lymph  nodes.  Although  we  do  not  currently 
have  an  explanation  for  the  increase  in  CD86  levels  in 
fluorescent  dendritic  cells  from  the  spleen  of  mice  treated 
with  the  AS-MSP  mixture  at  day  6  after  administration,  this 
could  reflect  the  eventual  degradation  of  the  antisense 
nucleic  acid  in  the  dendritic  cells  by  day  6,  the  disappear¬ 
ance  of  the  migratory  dendritic  cells  and  acquisition  of  the 
fluorescent  particles  by  endogenous,  secondary  dendritic 
cells  in  a  cross-priming  mechanism,  or  both. 

What  has  become  apparent  in  these  preliminary  accu¬ 
mulation  studies  is  the  differential  accumulation  of  micro¬ 
spheres  inside  the  pancreas  after  subcutaneous  injection 
depending  on  the  proximity  of  the  injection  site  to  the 
pancreas.  When  administered  subcutaneously  at  a  site  that 
flanks  the  site  of  the  pancreatic  lymph  nodes,  the  micro¬ 
spheres  accumulate  within  3  h.  In  contrast,  there  is  no 
detectable  accumulation  when  the  microspheres  are  ad¬ 
ministered  subcutaneously  at  a  site  that  does  not  drain  to 
the  pancreatic  lymphatics.  This  observation  is  relevant  for 
two  reasons.  First,  it  offers  insight  into  which  administra¬ 
tion  route  may  be  more  clinically  useful.  Second,  it  sug¬ 
gests  that  immunoregulatory  interventions,  at  least  those 
that  involve  dendritic  cells  as  intermediates,  are  mecha¬ 
nistically  active  only  when  the  pancreatic  lymph  nodes  are 
involved  (i.e.,  the  nexus  of  autoimmune  cells  and  regula¬ 
tory  cells  that  exhibit  antigen  specificity).  We  are,  conse¬ 
quently,  very  interested  in  identifying  the  precise 
mechanism  involved  in  costimulatory  protein  surface  den¬ 
sity  changes  at  the  dendritic  cells  in  spleen  and  in  pancre¬ 
atic  lymph  nodes  in  response  to  the  AS-MSP  treatment. 
The  scarcity  of  dendritic  cells  from  the  pancreatic  lymph 
nodes  at  the  times  shown  in  Fig.  6  did  not  permit  us  to 
pursue  an  effective  enrichment  of  these  cells,  but  it  is  one 
of  our  objectives  in  future  studies  in  which  the  precise 
mechanisms  and  temporal  sequence  of  cell  migration  and 
interaction  with  other  cells  in  the  pancreatic  lymph  nodes 
and/or  at  the  islets  of  Langerhans  remain  to  be  established. 

Many  investigators  support  immunotherapy  approaches 
for  autoimmunity  where  putative  autoantigen  supply  pro¬ 
vides  the  antigen,  and  hence  the  tissue,  specificity  (38- 
41).  It  is  worth  noting,  however,  that  suppression  of 
autoimmune  disease  in  animal  models  need  not  require 
antigen  supply  (37).  Mechanistically,  such  interventions 
may  involve  bystander  tolerance,  linked  suppression,  or 
similar  phenomena  (37,42,43).  Although  we  did  not  supply 
autoantigen  to  the  AS-MSP  regimen,  we  did  inject  diabetic 
NOD  mice  with  insulin  to  normalize  the  glycemia.  In  one 
possible  mechanism,  the  exogenous  insulin  supply  (as  a 
well-characterized  putative  autoantigen)  before  AS-MSP 
administration  may  be  acting  similar  to  or  in  an  identical 
manner  as  earlier  insulin-based  tolerance  strategies  (1,38- 
41)  .  However,  we  think  a  more  likely  mechanism  is  that 
the  AS-MSPs  stabilized  subsets  of  endogenous  dendritic 
cells  toward  diabetes-suppressive  states  by  downregulat¬ 
ing  cell  surface  CD40,  CD80,  and  CD86.  We  are  currently 
actively  investigating  the  possible  mechanism  experimen¬ 
tally.  It  must  be  stressed,  concurrently,  that  insulin  admin¬ 
istration  alone  cannot  account  for  the  AS-MSP  effects  in  its 
physiological  glucoregulatory  capacity.  No  mouse  in 
groups  treated  with  insulin  alone  was  capable  of  maintain¬ 
ing  normoglycemia  for  more  than  1  week  after  withdrawal 
of  the  insulin  (Fig.  5).  This  argues  against  the  possibility 
that  in  the  AS-MSP-treated  animals,  new-onset  diabetes 
reversal  was  due  to  insulin-induced  |3-cell  rest  phenomena 
(44,45).  Taken  together,  these  findings  may  be  readily 


translatable  clinically  with  an  immediate  aim  of  preserving 
residual  (3-cell  mass  in  newly  onset  or  preclinical  human 
autoimmune  diabetes. 
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Toward  a  cure  for  type  1  diabetes  mellitus: 
diabetes-suppressive  dendritic  cells  and  beyond 

Giannoukakis  N,  Phillips  B,  Trucco  M.  Towards  a  cure  for  type  1 
diabetes  mellitus:  diabetes-suppressive  dendritic  cells  and  beyond. 

Pediatric  Diabetes  2008:  9  (Part  II):  4-13. 

Abstract:  Insulin  has  been  the  gold  standard  therapy  for  diabetes  since  its 
discovery  and  commercial  availability.  It  remains  the  only  pharmacologic 
therapy  for  type  1  diabetes  (T1D),  an  autoimmune  disease  in  which 
autoreactive  T  cells  specifically  kill  the  insulin-producing  beta  cells. 

Nevertheless,  not  even  molecularly  produced  insulin  administered  four  or 
five  times  per  day  can  provide  a  physiologic  regulation  able  to  prevent  the 
complications  that  account  for  the  morbidity  and  mortality  of  diabetic 
patients.  Also,  insulin  does  not  eliminate  the  T1D  hallmark:  beta-cell- 
specific  autoimmunity.  In  other  words,  insulin  is  not  a  ‘cure’.  A  successful 
cure  must  meet  the  following  criteria:  (i)  it  must  either  replace  or  maintain 
the  functional  integrity  of  the  natural,  insulin-producing  tissue,  the 
endocrine  islets  of  Langerhans’  and,  more  specifically,  the  insulin- 
producing  beta  cells;  (ii)  it  must,  at  least,  control  the  autoimmunity  or 
eliminate  it  altogether;  and  (iii)  it  must  be  easy  to  apply  to  a  large  number 
of  patients.  Criterion  1  has  been  partially  realized  by  allogeneic  islet 
transplantation.  Criterion  2  has  been  partially  realized  using  monoclonal 
antibodies  specific  for  T-cell  surface  proteins.  Criterion  3  has  yet  to  be 
realized,  given  that  most  of  the  novel  therapies  are  currently  quasi¬ 
patient-specific.  Herein,  we  outline  the  current  status  of  non-insulin-based 
therapies  for  T1D,  with  a  focus  on  cell-based  immunomodulation  which 
we  propose  can  achieve  all  three  criteria  illustrated  above. 
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Type  1  diabetes  mellitus:  nature  of  the 
autoimmunity 

Type  1  diabetes  (T1D)  is  an  autoimmune  disorder  that 
culminates  in  uncontrollable  hyperglycemia  because  of 
the  destruction  of  the  insulin-producing  beta  cells  of 
the  pancreatic  islets  of  Langerhans.  The  major  effectors 
of  beta-cell  destruction  are  T  cells  reactive  to  beta- 
cell-specific  antigens.  A  strong  genetic  predisposition  is 
a  conditio  sine  qua  non  of  T1D  and  a  large  body  of  studies 
support  that  key  genetic  susceptibility  loci  affect  the 
genesis,  function  and  survival  of  immune  cell  subsets 
including  T  cells  (effectors  and  putative  regulatory  T 
cells)  and  dendritic  cells  (DC)  (1-4). 

To  understand  the  critical  role  played  by  the  genetic 
predisposition  in  T1D,  it  is  necessary  to  consider  the 
processes  that  shape  the  immune  system.  A  randomized 
pool  of  immature  cells  continuously  generated  in  the 
bone  marrow  (BM)  eventually  travel  across  the  thymus. 


Once  in  the  thymus,  these  immature  cells,  individually 
expressing  unique  receptors,  undergo  positive  and  nega¬ 
tive  selection  through  receptor  interaction  with  frag¬ 
ments  of  proteins  present  in  our  bodies  (self-pep tides) 
presented  by  antigen-presenting  cells  (APC)  once  prop¬ 
erly  inserted  in  the  peptide-binding  groove  of  major  histo¬ 
compatibility  complex  (MHC)  molecules.  Indeed,  the 
epithelial  thymus  is  now  known  to  express  a  wide  array 
of  self-antigens  including  insulin,  thyroperoxidase, 
thyroglobulin,  and  myelin  basic  protein,  all  of  which 
are  normally  produced  by  cells  targeted  in  a  number  of 
autoimmune  disorders  including  T1D,  Hashimoto’s 
thyroiditis  and  multiple  sclerosis.  Human  leukocyte 
antigens  (HLA),  the  human  MHC  molecules,  anchored 
in  the  cell  membrane  of  thymic  epithelial  and  other 
APC  display  HLA/self-peptide  complexes  for  T-cell 
receptor  (TCR)  interaction.  A  cell  that  interacts 
strongly  with  the  HLA/self-peptide  complex  dies  in 
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the  thymus  and  is  thus  eliminated,  i.e.,  negatively 
selected.  On  the  contrary,  cells  that  interact  poorly  with 
the  complex  do  not  proliferate  sufficiently  or  become 
unable  to  function  (i.e.,  anergic)  and  are  eventually  lost. 
The  cells  between  these  two  extremes  proliferate 
modestly,  survive  (positive  selection),  and  emerge  from 
the  thymus  to  circulate  in  the  periphery.  Once  in  the 
periphery,  the  cells  that  matured  in  the  thymus  (T  cells) 
can  be  engaged  by  circulating  APC.  DC  are  extremely 
powerful  APC  that  collect  foreign  or  ‘ignored’  (i.e.,  not 
previously  exposed  to  the  immune  system)  material,  to 
present  it  as  ‘new’  antigens  to  T  cells  through  their  HLA 
molecule.  These  T  cells  interact  with  the  new  antigens 
more  strongly  than  with  self-peptides,  which  enabled 
their  positive  selection  and  consequently  the  establish¬ 
ment  of  a  T-cell-based  protective  immune  response  (5- 
7).  The  epitope  spreading  phenomenon  (i.e.,  the 
expansion  of  newly  recognized  antigens)  (8)  observed 
in  the  islet  inflammation  is  due  to  both  islet-reactive 
T  cells  that  were  generated  in  the  thymus  early  in 
ontogeny  along  with  the  generation  and  survival  of 
T  cells  activated  in  the  periphery  by  these  new  antigens. 


The  pathologic  vicious  circle  of  continuous  presenta¬ 
tion  of  old  and  new  antigens,  collected  by  the  DC  from 
the  newly  destroyed  beta  cells,  to  naive  T  cells  in  the 
pancreatic  lymph  nodes  that  eventually  go  back  to  the 
pancreas  to  kill  other  beta  cells,  is  illustrated  in  Fig.  1. 

The  genetic  predisposing  background  of  autoimmune 
diseases,  like  T1D,  is  mainly  constituted  of  specific  HLA 
alleles  (9-12).  Allelic  forms  of  the  HLA-DQ  molecule 
that  lack  a  charged  amino  acid  at  position  57  of  its  beta 
chain  were  shown  to  be  strongly  correlated  with  the 
development  of  T1D.  Conversely,  resistance  to  the 
disease  was  found  to  be  associated  with  the  inheritance 
of  an  HLA-DQ  allelic  form  with  an  aspartic  residue  at 
the  same  position  (Asp57).  The  importance  of  this  amino 
acid  change  has  to  do  with  the  physical  structure  of  the 
non-Asp57  alleles  constituting  class  II  molecules  with 
a  suboptimal  functional  groove.  In  fact,  the  molecular 
interactions  that  normally  drive  positive  and  negative 
selection  are  altered  by  the  disease-associated  HLA 
molecules  so  that  even  strongly  self-reactive  T-cell  clones 
are  allowed  to  escape  to  the  periphery.  HLA  structural 
variations  between  alleles  with  Asp  57  and  those  lacking 


Type  1  diabetes  onset  the  pancreatic  environment 


Steady-state  flux  of  APC 
through  islets 


Alpha  cell 
Beta  cell 


Microenvironmental  anomaly: 
activation  and  mobilization  of  resident 
and  extra-islet  APC  into  islet 


T-cell  and  cytokine-dependent 
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p-cell  apoptosis: 
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Cb  4+  Tc 


Activation  of  autoreactive  CD4+  and  CD8+  T  cells 
in  pancreatic  lymph  nodes 


Cytokine-induced  p-cell  impairment/ 
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Fig.  1.  The  autoimmune  vicious  circle  favoring  the  anti-beta-cell  epitope  spreading.  Activated  by  an  environmental  stimulus,  the  autoreactive 
T  cells  that  escaped  thymic  censorship,  leave  the  lymph  nodes  and  move  into  the  tissues  where  eventually  they  find  the  self-peptide  with  which 
they  were  originally  set  up  to  react.  Once  the  first  beta  cells  are  damaged,  dendritic  cells  (DC)  come  to  clean  up  the  scene.  Debris  from  dead 
cells  are  brought  back  to  the  lymph  nodes  in  which  even  cytoplasmic  markers  -  thus  far  not  exposed  to  the  immune  system  -  are  presented  by 
DC  to  naive  T  cells.  T  cells  that  were  so  far  ‘ignorant’  of  their  existence,  recognize  these  self- antigens  as  foreign  and  react  against  them  once 
back  into  the  islet  of  Langerhans,  killing  new  beta  cells.  This  constitutes  a  vicious  circle  that  does  not  allow  the  recovery  of  the  insulin-secreting 
cells,  even  when  the  physiologic  homeostasis  process  tries  to  substitute  the  lost  cells  with  new  cells.  APC,  antigen-presenting  cells. 
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a  charged  amino  acid  at  this  position  (non-Asp57) 
provide  the  foundation  for  HLA-associated  diabetic 
susceptibility  and  resistance.  Susceptibility  is  closely 
related  to  an  impaired  negative  selection  of  self-reactive 
T  cells.  Another  not  necessarily  mutually  exclusive  con¬ 
sequence  is  that  T-regulatory  cells  are  not  as  effectively 
selected  and,  in  their  reduced  abundance,  peripheral 
reactions  to  self-peptides  are  not  held  in  check  as  well  as 
would  occur  in  a  normal  immune  system. 

The  importance  of  the  MHC  alleles  and  the  thymic 
antigen-presenting  environment  was  confirmed  in  stud¬ 
ies  in  which  autoimmunity  was  prevented  in  non-obese 
diabetic  (NOD)  mice  by  transplanting  BM  cells  derived 
from  diabetes-resistant  (Asp57)  strains  (13,  14).  Instead 
of  relying  on  allogeneic  BM  transplantation,  Tian  et  al. 
(15)  successfully  prevented  diabetes  by  reconstituting 
sublethally  irradiated  non-Asp57  NOD  mice  with  their 
own  BM  genetically  engineered  ex  vivo  to  express 
a  resistance  (Asp57)  MHC  class  II  molecule.  The  re¬ 
constituted  mice,  carrying  BM-derived  cells  that  coex¬ 
pressed  both  their  own  diabetogenic  (non-Asp57)  and 
the  transfected  Asp57  beta  chain,  were  diabetes-free. 
The  thymus,  repopulated  by  the  engineered  BM  cells, 
which  differentiated  into  APC,  had  restored  negative 
selection  and  consequently  the  ability  to  delete  T  cells 
potentially  autoreactive  to  pancreatic  beta  cells.  Autor¬ 
eactive  T-cell  clones,  which  were  not  found  in  the  treated 
animals,  were  eliminated  because  of  the  stronger  affinity 
of  their  TCR  for  the  self-peptide  now  properly  presented 
by  the  newly  expressed  MHC  molecule. 

Immediately,  it  became  clear  to  us  that  once  this 
approach  had  obtained  autoimmunity  abrogation  also 
in  already  diabetic  individuals,  it  could  possibly 
facilitate  the  recovery  of  autologous  insulin  produc¬ 
tion.  Safe  induction  of  an  autoimmunity-free  status 
might  become  a  new  promising  therapy  for  T ID. 

We  are  working  on  this  aim  using  a  modification  of 
Tian’s  approach  that  may  be  transferable  to  clinical 
trials  in  the  near  future  (16,  17).  A  reason  to  believe  it 
comes  from  the  study  of  Voltarelli  et  al.  in  which 
autologous  transplantation  of  hematopoietic  stem  cell- 
enriched  BM  was  used  to  treat  T1D  patients  (18).  The 
risk  of  exposing  the  patient  to  a  non-myeloablative  yet 
quite  powerful  preconditioning  was  not  totally  justi¬ 
fied,  however,  by  the  results  obtained.  The  effects  were 
limited  to  simple  postponement  of  diabetes  recurrence, 
i.e.,  just  delayed  by  the  time  necessary  for  the  trans¬ 
planted  BM  to  reorganize  itself  and  to  reestablish  all  of 
its  immunocompetent  cell  subpopulations.  The  auto¬ 
logous  BM  did  not  change  the  patient’s  genetic 
characteristics  under  which  tolerance  for  the  insulin- 
producing  beta  cells  was  not  achieved  in  the  first  place; 
in  this  context,  autoimmunity  easily  recurred.  Our 
approach  should  safely  change  the  patient’s  diabeto¬ 
genic  characteristics  (16,  17). 

New  types  of  intervention  are  becoming  available 
everyday,  which  may  allow  a  successful  ‘take’  of  the 
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transplanted  BM  without  the  need  for  a  deleterious 
type  of  preconditioning  (19).  Furthermore,  new  gene 
therapy  approaches  that  do  not  involve  vector  integra¬ 
tion  at  potentially  transformative  gene  loci  are  contin¬ 
uously  discovered  (20-22).  A  protocol  that  takes  into 
account  the  choice  of  the  gene  transfection  vector,  any 
form  of  safer  preconditioning  of  the  patient,  and  the 
genetic  background  of  the  transplanted  BM  will 
significantly  improve  the  one  proposed  by  Voltarelly 
et  al.  because  efficient  negative  selection  will  be  rees¬ 
tablished  along  with  central  (and  possibly  also  periph¬ 
eral)  tolerance. 

The  prevalent  belief  that  beta-cell  mass  is  fixed  by 
adulthood  and  that  all  adult  beta  cells  are  fully 
differentiated  is  now  being  reexamined  in  light  of 
recent  studies  showing  a  regenerative  capacity,  albeit 
low,  of  pancreatic  islets  of  Langerhans  during  T1D 
progression.  These  studies  suggest  that,  although  the 
physiological  state  of  islet  cells  tends  towards  a  fully 
differentiated  phenotype,  the  lack  of  autoimmune 
aggression,  together  with  the  ‘danger’  signals  generated 
by  massive  beta-cell  destruction  may  trigger  processes 
inside  progenitors  (whether  islet-resident  or  ductal 
epithelium-resident)  that  result  in  some  degree  of  islet 
cell  regeneration  (14,  23-26). 

Immunomodulation:  current  state-of-the-art 
in  the  clinic 

In  general,  immunomodulation  aims  at  reestablishing 
central  and/or  peripheral  tolerance  to  self.  The  reestab¬ 
lishment  of  tolerance  can  include  the  deletion  of 
autoreactive  immune  cells,  the  attenuation  of  the 
activity  of  autoreactive  immune  cells  (T-cell  anergy), 
the  generation/augmentation  in  vivo  of  immunosup¬ 
pressive  cells  that  can  be  antigen- specific  (T-regulatory 
cells).  Many  experimental  immunomodulatory  inter¬ 
ventions  have  been  carried  out  preclinically  in  the  NOD 
mouse  model  and  almost  all  involve  treatment  of  young 
mice  ‘prior’  to  the  clinical  onset  of  hyperglycemia.  An 
insightful  article  by  Atkinson  and  Leiter  was  instru¬ 
mental  in  illustrating  the  plethora  of  specific  (and 
sometimes  even  quite  unorthodox)  approaches  by 
which  diabetes  onset  was  delayed  or  prevented  in  this 
model  (27). 

As  of  yet,  only  one  of  these  methods  has  shown  any 
significant  clinical  efficacy.  This  is  the  use  of  a  human¬ 
ized  anti-CD3  antibody  [TRX-4  (28);  and  hOKT3g 
(Ala- Ala)  (29)],  which  can  reverse  new-onset  disease, 
although  for  a  limited  amount  of  time  (30-32). 

The  manipulation  of  T-cell  responses  by  autoanti¬ 
gen-derived  peptides  has  been  another  approach  used 
to  attenuate  autoimmunity  with  demonstrated  efficacy 
in  rodent  models  of  T1D  including  the  NOD  mouse 
(33-36).  The  majority  of  pathogenic  CD8+  T-cell 
clones  isolated  from  pancreata  of  diabetic  NOD  mice 
react  specifically  with  the  9-23  peptide  of  the  insulin  B 
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chain,  while  approximately  87%  of  the  CD8+  T  cells 
in  the  islets  of  young  NOD  mice  are  reactive  to  the 
15-23  region  of  the  same  B  chain  (37-43).  Similarly, 
the  majority  of  T1D  patients  exhibit  CD8+  T-cell 
responses  to  the  9-23  peptide.  Indeed,  an  altered  peptide 
ligand  has  been  synthesized  along  these  lines  (NBI-6024; 
Neurocrine  Biosciences,  San  Diego,  CA,  USA)  and  is 
currently  in  phase  II  studies  to  see  if  it  can  prevent  or 
reverse  new-onset  disease  as  a  possible  vaccine  (44,  45). 

In  addition  to  the  insulin-based  peptide,  other  putative 
autoantigen-derived  peptides  exhibit  immunoregula- 
tory  capacity  (46—5 1)  including  an  Hsp-60-derived  pep¬ 
tide  (DiaPep277;  DeveloGen  Inc.,  Goettingen,  Germany) 
whose  most  appealing  property  is  its  apparent  safety. 
Although  laboratory  studies  suggest  that  DiaPep277 
does  not  act  as  an  altered  peptide  ligand,  there  are  no 
firmly  compelling  data  that  it  may  not  act  as  such  in 
a  restricted  set  of  T  cells  that  are  critical  to  the 
progression,  or  the  attenuation,  of  diabetes  (52-59).  A 
number  of  similar  agents  are  based  on  peptides  derived 
from  other  putative  autoantigens  such  as  GAD65,  for 
example,  the  recombinant  alum  formulated  GAD65 
(Diamyd,  Stockholm,  Germany)  in  phase  III  trials  with 
Diamyd  Medical  AB  (60). 

Clinical  reversal  of  hyperglycemia  achieved  by  anti- 
CD3  antibody  administration,  still  poses  some  ques¬ 
tions  relative  to  the  mechanism  of  action  in  the 
transient  immunodepletion  and  associated  cytokine- 
related  side  effects  (61,  62).  Also,  despite  the  initial 
observations  of  improved  C-peptide  levels  in  adult 
diabetics  with  evidence  of  T ID-related  autoantibod¬ 
ies,  administration  of  DiaPep277  into  new-onset  T1D 
children  failed  to  exhibit  any  benefit  compared  with 
controls  (53,  56).  Both  agents  (anti-CD3  antibody  and 
DiaPep277)  appear  to  share  one  potential  immuno- 
regulatory  mechanism:  augmentation  of  the  number 
of  regulatory  CD4+  CD25+  T  cells  expressing  the 
Foxp3  transcription  factor.  It  is  now  generally  ac¬ 
cepted  that  these  Foxp3+  regulatory  T  cells  are 
critical  for  maintenance  of  tolerance  (63-67).  In  vivo , 
the  activity  of  these  cells  appears  to  be  regulated  by 
DC  (68,  69). 

The  first  clinically  adapted 
immunoregulatory  cell  therapeutic:  diabetes- 
suppressive  autologous  DC 

DC  are  the  body’s  sentinels  largely  responsible  for  host 
surveillance  against  microenvironmental  anomalies 
including  pathogen  invasion,  infection,  and  damaged 
tissue  architecture,  while  coordinating  the  mechanisms 
of  self-tolerance  (70-74).  DC  continuously  traffic 
throughout  all  body  tissues’  sampling  molecules  from 
their  surroundings,  where  it  is  believed  they  maintain 
potentially  autoreactive  immune  cells  in  quiescence 
either  directly  or  via  indirect  regulatory  immune  cell 
networks  (75-82).  When  DC  encounter  local  disrup¬ 


tion  of  tissue  architecture  and  elevated  proinflam- 
matory  signals  from  infected  cells,  DC  undergo 
‘maturation’  through  a  series  of  internal  changes.  While 
conceptually  thought  of  as  a  series  of  discrete  check¬ 
point-like  events,  maturation  is  rapid  and  often  non¬ 
linear  (63,  83,  84).  Concurrent  with  maturation,  DC 
migrate  away  from  the  site  of  ‘danger’  and  into  the 
anatomically  closest  lymph  nodes.  Within  the  lymph 
node,  the  DC,  as  a  powerful  APC,  initially  interacts  - 
using  its  class  I  or  class  II  MHC/peptide  complex  -  with 
the  TCR  present  on  a  naive  T  cell.  This  will  constitute 
the  so-called  ‘first  signal’  for  T-cell  activation.  To  bring 
a  T  cell  to  full  activation,  however,  a  subsequent 
contact  between  co-receptors  is  necessary.  Co-stimula- 
tory  molecules  are  so-called  because  they  are  present 
on  the  APC  (e.g.,  CD80/CD86  or  CD40),  with  their 
counterparts  on  the  T  cell  (i.e.,  CD28  and  CD40  ligand, 
respectively),  that,  by  interacting,  further  stabilize  the 
signal  for  activation  between  the  two  cells,  thus 
providing  the  ‘second  signal’. 

Absence  of  co-stimulatory  molecule  binding  and 
consequently  lack  of  secondary  signal  generation  has 
been  shown  to  lead  to  impaired  activation  of  the 
responding  T  cell,  eventually  bringing  it  to  functional 
anergy  or  apoptosis.  This  is  indeed  the  outcome  of 
many  immunosuppressive  strategies  aimed  at  co¬ 
stimulation  blockade  (85-90). 

Many  lines  of  investigation  support  the  concept  that 
DC  in  a  functionally  immature  state  (characterized  by 
low  to  absent  co-stimulation)  are  powerful  agents  of 
immune  hyporesponsiveness  (80,  82,  91-95).  Exoge¬ 
nous  administration  of  functionally  immature  DC 
achieves  long-term  and  stable  allograft  survival  in 
a  variety  of  mouse  and  rat  models  and  prevents 
a  number  of  autoimmune  diseases  (96-103).  Mecha¬ 
nistically,  functionally  immature  DC  act  by  inducing 
anergy  either  via  direct  cell  contact  and/or  cytokines 
(104-106)  and,  as  described  more  recently,  by  up- 
regulating  the  number  and  function  of  regulatory 
immune  cell  subsets,  especially  CD4+  CD25  +  Foxp3  + 
T  cells  (Treg)  and  a  class  of  CD8+  immunosuppressive 
T  cells  (106-1 14). 

We  have  shown  that  in  vitro  administration  of 
Nuclear  Factor-KappaB  (NFkB)  decoys  to  DC  as  well 
as  direct  targeting  of  CD40,  CD80,  and  CD86  with 
antisense  oligodeoxyribonucleotides  (AS-ODN),  reduce 
co-stimulatory  molecule  levels  producing  functionally 
immature  DC  capable  of  preventing  or  reversing  new- 
onset  diabetes  in  the  NOD  mouse  (115-117).  This  was 
accomplished  while  maintaining  T-cell  responsiveness 
to  alloantigens  in  animals  that  received  repeated 
injections  of  modified  DC.  Co-stimulatory-depleted 
DC  also  augmented  the  number  of  Treg  that  were 
CD4+  CD25+  Foxp3+  through  short-range  interleu¬ 
kin-7  signaling  (115). 

Numerous  clinical  trails  have  safely  used  DC-based 
treatments  for  cancer  therapy  providing  the  basis  for 
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clinical  adaptation  of  DC  administration  for  T1D 
treatment.  A  National  Institutes  of  Health-funded  pro¬ 
tocol  approved  by  the  Food  and  Drug  Administration 
(FDA)  is  currently  underway  in  phase  I  clinical  trial  with 
an  adult  (18  yr  or  older)  cohort  documented  with 
insulin-requiring  T1D  of  at  least  5-yr  duration.  Leuko¬ 
cytes  are  obtained  from  the  patient  by  apheresis  and 
DC  are  generated  in  vitro  and  engineered  in  Good 
Manufacturing  Practice  (GMP)  facilities  with  the  addi¬ 
tion  of  AS-ODN.  These  DC,  which  express  low  levels  of 
CD40,  80  and  CD86  are  injected  into  the  patient  by 
intradermal  administration  at  an  anatomical  site  proxi¬ 
mal  to  the  pancreas  (Fig.  2)  (118).  DC  will  migrate  to  the 
nearest  lymph  nodes  where  they  will  start  to  interrupt  the 
vicious  circle  that  maintains  islet-specific  inflammation, 
i.e.,  insulitis.  This  therapeutic  approach  should  be  more 
successful  when  DC  injections  start  close  to  the  clinical 
onset  of  the  disease.  In  the  pancreas,  DC  acquire  beta- 
cell-specific  antigens  from  apoptotic  cells,  leading  to  the 
eventual  display  of  these  antigens  to  T  cells  in  the 
pancreas-draining  lymph  nodes.  The  lack  of  co-stimula- 
tory  molecules  will  result  in  an  anergizing  signal  to  the  T 
cells,  induce  regulatory  immune  cells  (like  Foxp3+  Treg), 
and  interrupt  the  T-cell-mediated  anti-beta-cell  epitope 
spreading  phenomenon.  The  abrogation  of  the  autoim¬ 
mune  diabetogenic  insult  should  be  sufficient  to  promote 
rescue  of  still  present  insulin-producing  beta  cells  and/or 
neogenesis  of  other  insulin-producing  cells  in  the  host 
endocrine  pancreas,  even  after  the  onset  of  the  disease. 
This  trial  is  underway  at  the  time  of  this  writing  and  once 
safety  has  been  demonstrated,  a  phase  II  efficacy  trial  will 
start,  involving  new-onset  diabetic  patients. 


Beyond  autologous  DC:  a  diabetes- 
suppressive  microsphere  vaccine 

In  spite  of  the  promise  of  this  study,  we  have 
encountered  cumbersome  logistical  requirements  to 
generate  these  diabetes-suppressive  DC,  which  may 
limit  the  future  enrollment  of  new-onset  diabetic 
children  in  the  efficacy  phase  of  the  trial.  Leukopheresis 
takes  2  or  3  h  to  provide  sufficient  precursor  cells  to 
generate  the  number  of  DC  necessary  for  six  to  eight 
injections.  The  obtained  DC  should  be  exposed  to  AS- 
ODN  in  GMP  facilities  in  which  the  laboratory 
practices  are  frequently  difficult  to  reproduce.  GMP 
facilities  are  frequently  located  far  away  from  the  clinic 
where  the  patients  are  treated.  Many  DC  are  lost  during 
the  freezing/thawing  procedures. 

In  an  effort  to  avoid  these  steps,  we  have  been 
concurrently  pursuing  an  alternative  method  to  stabi¬ 
lize  DC  immaturity  directly  in  vivo  using  microparticle 
carriers  of  immunomodulating  agents  like  AS-ODN. 

Many  studies  confirm  that  microparticle  carriers  can 
direct  DC  to  the  administration  site  and  once  phago- 
cytosed,  the  contents  can  shape  the  DC  functional 
phenotype  (119,  120).  We  have  incorporated  the  AS- 
ODN  directed  against  CD40,  CD80  and  CD86  into 
Baxter  Healthcare’s  PROMAXX®  microsphere  deliv¬ 
ery  system.  The  inert  PROMAXX  microsphere  tech¬ 
nology  has  been  shown  to  be  safe  and  effective  in 
human  trials  (121).  More  importantly,  when  adminis¬ 
tered  in  vivo ,  this  technology  is  neutral  with  respect  to 
DC  maturation  state  compared  with  the  known 
immuno  stimulatory  properties  of  other  microsphere 


NIH-funded,  IRB-  and  FDA-approved  Safety  Study 

To  confirm  that  intradermal  administration  of  autologous  diabetes  suppressive 
dendritic  cells  (DC)  is  safe,  non-toxic  and  without  side-effects. 


1  Obtain  leukocytes  via  apheresis 


2.  Engineer  DC  towards  a  “diabetes-suppressive" 
capacity  under  GMP/GLP  conditions;  provide 
mixture  of  AS-ODN  (CD40/CD80/CD86) 


5.  Immunological,  biochemical,  physiologic  monitonng  to  establish  safety 


Fig.  2.  Living  dendritic  cells  (DC)-based  clinical  trial  for  type  1  diabetes.  Schematic  of  the  procedures  involved  in  the  phase  I  clinical  trial 
currently  underway  at  the  University  of  Pittsburgh  to  prove  the  safety  of  the  living  DC-based  vaccine  [used  by  permission  of  Cell  Science 
Reviews,  Giannoukakis  et  al.  (118)]. 
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formulations.  In  other  words,  other  polyplex  formula¬ 
tions  have  an  inherent  capacity  to  induce  the  upregu- 
lation  of  co-stimulatory  proteins  at  the  DC  surface 
(possibly  via  Toll-like  receptors),  whereas  the  PRO- 
MAXX  technology  does  not.  This  neutrality  on  DC 
maturation  is  a  critical  criterion  in  adapting  micro¬ 
sphere  chemistry  for  immunosuppressive  objectives 
where  DC  are  involved  as  mediators.  Our  very  recently 
developed  PROMAXX  antisense-formulated  vaccine 
rendered  DC  diabetes  suppressive  and  newer  data  show 
that  it  can  prevent  and  reverse  new-onset  autoimmune 
diabetes  in  the  NOD  mouse  model  (122).  This  recent 
study  was  aimed  at  ascertaining  the  efficacy  of  AS- 
ODN-formulated  PROMAXX  microspheres  to  pre¬ 
vent  T1D  and  to  reverse  new-onset  disease.  Micro¬ 
spheres  carrying  AS-ODN  to  CD40,  CD80  and  CD86 
were  delivered  into  NOD  mice.  Glycemia  was  moni¬ 
tored  to  determine  disease  prevention  and  reversal. 
In  recipients  that  remained  and/or  became  diabetes 
free,  spleen  and  lymph  node  T  cells  were  enriched  to 
determine  the  prevalence  of  Foxp3+  putative  T- 
regulatory  cells.  Splenocytes  from  diabetes-free  micro- 
sphere-treated  recipients  were  adoptively  cotransferred 
with  splenocytes  from  diabetic  NOD  mice  into  NOD- 
SCID  recipients.  To  rule  out  non-specific  systemic 
immunosuppression,  splenocytes  from  successfully 
treated  recipients  were  pulsed  with  beta-cell  antigen, 
ovalbumin  or  cocultured  with  allogeneic  splenocytes. 
The  microspheres  prevented  T1D  and,  most  impor¬ 
tantly,  exhibited  a  capacity  to  reverse  clinical  hyper¬ 
glycemia,  suggesting  reversal  of  new-onset  disease.  The 


microspheres  augmented  Foxp3+  T-regulatory  cells, 
induced  hyporesponsiveness  to  NOD-derived  pancre¬ 
atic  beta-cell  antigen,  without  compromising  global 
immune  response  to  alloantigens  and  nominal  antigens. 
T  cells  from  successfully  treated  mice  suppressed 
adoptive  transfer  of  disease  by  diabetogenic  spleno¬ 
cytes  into  secondary  immunodeficient  NOD-scid 
recipients.  Finally,  microspheres  accumulated  within 
the  pancreas  and  the  spleen.  Live  animal  in  vivo  imag¬ 
ing  measured  the  microsphere  accumulation  pattern 
(Fig.  3).  DC  from  the  spleen  of  the  microsphere- 
treated  mice  exhibit  decreased  cell  surface  CD40, 
CD80,  and  CD86.  This  novel  microsphere  formula¬ 
tion  represents  the  first  diabetes-suppressive  and 
reversing  nucleic  acid  vaccine  that  confers  an  immu- 
noregulatory  phenotype  to  endogenous  DC  (122).  We 
predict  that  once  all  preclinical  studies  are  com¬ 
pleted,  a  phase  I/II  trial  can  be  initiated  (Fig.  4).  The 
microspheres  are  simple  to  manufacture  to  clinical 
grade  on  a  large  scale  and  do  not  involve  the 
cumbersome  logistics  outlined  earlier  that  are  neces¬ 
sary  for  the  DC-based  therapy. 

Although  we  have  focused  on  autoimmune  diabetes  as 
a  disease  target  throughout  our  studies,  our  microsphere 
technology  can  be  readily  and  rapidly  applied  to  pro¬ 
ducing  other  immunosuppressive  vaccines  for  other 
autoimmune  conditions  in  which  nucleotides  along  with 
disease-specific  antigens  can  be  formulated  to  target  the 
transcripts  of  other  critical  molecules  involved  in  im- 
munoregulation  inside  endogenous  DC  without  affect¬ 
ing  their  maturation  status  in  vivo. 


A  CN  AS 


Injection  site  Oigan  staining 


B  CN  AS 


VD 


X 


Fig.  3.  In  vivo  accumulation  of  antisense-oligonucleotide-formulated  microspheres  (AS-MSP).  (A)  Alive  non-obese  diabetic  (NOD)  mice 
received  a  subcutaneous  injection  containing  sterile  phosphate  buffered  saline  (control,  CN)  or  fluorescent  microspheres  with  50  pg  of  AS- 
MSP  (AS).  Three  hours  postinjection,  the  spheres  accumulated  in  the  area  of  the  pancreas  and  spleen.  (B)  Pancreas  and  spleen  removed  at  3, 
24,  and  48  h  postinjection  are  shown  to  contain  the  fluorescently  labeled  microspheres  [used  by  permission  of  Diabetes,  Phillips  et  al.  (122)]. 
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PROMAXX™-formulated  antisense-oligonucleotide  (AS-ODN) 
diabetes-suppressive  vaccine 


Fig.  4.  Antisense-oligonucleotide-formulated  microsphere-based  clinical  trial.  Once  compared  with  the  procedures  involved  in  the  current 
clinical  trial  (see  Fig.  2),  it  is  evident  how  the  use  of  the  AS-MSP  simplifies  the  logistics  while  guaranteeing  the  same  immunologic  result. 


Conclusion 

In  the  past  20  years,  benchside  research  has  made  many 
promises  to  ‘cure’  T1D.  Only  recently  has  it  been 
possible  to  clinically  implement  a  limited  number  of 
benchside  successes.  This  has  been  primarily  because  of 
the  reluctance  of  clinicians  to  intervene  in  a  disease 
where  a  therapeutic  ‘gold  standard’  in  the  form  of 
insulin  replacement  is  considered  by  many  to  be 
sufficient  to  guarantee  an  almost  normal  life  for  many 
diabetics.  The  persistent  presence  of  complications  in 
almost  all  type  1  diabetics,  despite  insulin  replacement, 
forced  us  to  conclude  that  insulin  is  not  a  real  cure.  With 
this  knowledge,  it  has  become  easier  to  consider 
immunotherapies  aimed  at  preventing  and  perhaps 
reversing  T ID.  Also,  data  from  clinical  trials  from  other 
antibody-  and  cell-based  therapies  for  other  diseases 
(e.g.,  cancer  and  rheumatoid  arthritis)  have  paved  the 
way  for  cell-based  immunotherapy  to  enter  routine 
clinical  practice.  For  T1D,  these  other  trials  have 
uncovered  critical  reference  points  (e.g.,  biochemical, 
physiologic  and  immunologic  profiles)  for  the  clinician 
to  monitor  safety  and  immune  activity  in  vivo.  Such  key 
reference  points  and  safety  measurements  have  encour¬ 
aged  us  to  adapt  autologous  DC  therapy  to  reverse  new- 
onset  T1D.  In  the  near  future,  we  envision  trials  with  the 
microsphere  vaccine.  Whether  the  autologous  diabetes- 
suppressive  DC  or  the  microsphere  vaccine  will  prove  to 
be  ‘cures’  awaits  demonstration  of  safety,  proven 
lowering  of  insulin  requirements  with  evidence  of  C- 
peptide  level  amelioration,  considered  to  be  physiologic 
and  pharmacologic  markers  of  preservation  of  residual 
beta-cell  mass  and/or  possible  regeneration.  At  the 
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same  time,  as  basic  research  identifies  novel  molecular 
pathways  of  immunoregulation,  more  such  cell-  and 
particle-based  therapies  will  become  acceptable  for 
clinical  consideration. 
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Abstract 

Excessive  proliferation  of  vascular  smooth  muscle  cells  (VSMCs)  is  one  of  the  primary  lesions  in  atherosclerosis  development  during 
diabetes.  High  glucose  triggers  VSMC  proliferation  and  initiates  activation  of  the  transcription  factor  nuclear  factor  (NF)-kB.  Recently, 
clinical  studies  have  demonstrated  that  replacement  therapy  with  C-peptide,  a  cleavage  product  of  insulin,  to  type  1  diabetic  (T1D)  patients  is 
beneficial  on  a  variety  of  diabetes-associated  vascular  complications.  However,  the  mechanisms  underlying  the  beneficial  activity  of  C-peptide 
on  the  vasculature  in  conditions  of  hyperglycemia  are  largely  unknown.  The  effects  of  C-peptide  on  the  proliferation  of  human  umbilical  artery 
smooth  muscle  cell  (UASMC)  and  aortic  smooth  muscle  cell  (AoSMC)  lines  cultured  under  high  glucose  for  48  h  were  tested.  To  gain  insights 
on  potential  intracellular  signaling  pathways  affected  by  C-peptide,  we  analyzed  NF-kB  activation  in  VSMCs  since  this  pathway  represents  a 
key  mechanism  for  the  accelerated  vascular  disease  observed  in  diabetes.  High  glucose  conditions  (25  mmol/L)  stimulated  NF-kB -dependent 
VSMC  proliferation  since  the  addition  of  two  NF-kB -specific  inhibitors,  BAY1 1-7082  and  PDTC,  prevented  proliferation.  C-peptide  at  the 
physiological  concentrations  of  0.5  and  1  nmol/L  decreased  high  glucose-induced  proliferation  of  VSMCs  that  was  accompanied  by  decreased 
phosphorylation  of  IkB  and  reduced  NF-kB  nuclear  translocation.  These  results  suggest  that  in  conditions  of  hyperglycemia  C-peptide  reduces 
proliferation  of  VSMCs  and  NF-kB  nuclear  translocation.  In  patients  with  T1D,  physiological  C-peptide  levels  may  exert  beneficial  effects 
on  the  vasculature  that,  under  high  glucose  conditions,  is  subject  to  progressive  dysfunction. 

©  2008  Elsevier  Ireland  Ltd.  All  rights  reserved. 
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1.  Introduction 

Patients  with  type  1  diabetes  (T1D)  exhibit  an  increased 
susceptibility  to  develop  a  wide  range  of  vascular  complica¬ 
tions,  including  microangiopathy  and  atherosclerosis,  which 
account  for  the  majority  of  deaths  and  disability  in  diabetic 
patients  [1].  Elevated  blood  glucose  levels  (hyperglycemia) 
are  considered  one  of  the  major  causes  of  vascular  compli¬ 
cations  in  T1D  patients  [2]. 

Together  with  endothelial  dysfunction,  the  proliferation 
of  vascular  smooth  muscle  cells  (VSMCs)  is  one  of  the  char¬ 
acteristic  features  of  human  atherosclerosis  [3].  Under  high 
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glucose  conditions,  human,  porcine  and  rat  VSMC  prolifer¬ 
ate  [4-6]  and  migrate  from  the  media  to  the  subendothelial 
space  of  the  vessel  wall  where  early  atherosclerotic  lesions 
are  localized  [3]. 

In  VSMCs,  high  glucose  initiates  the  activation  of  the 
transcription  factor  NF-kB  [7],  which  leads  to  the  transacti¬ 
vation  of  a  number  of  genes  involved  in  VSMC  proliferation 
[8].  Several  studies  have  pointed  to  an  involvement  of 
the  NF-kB  pathway  in  the  process  of  atherosclerosis  by 
acting  at  different  pathophysiological  levels  during  plaque 
development.  The  activated  p65  subunit  has  been  found  in 
macrophages,  endothelial  cells,  and  VSMCs  within  human 
atherosclerotic  lesions  [9].  Furthermore,  administration  of 
anti-sense  oligonucleotides  to  the  p65  subunit  of  NF-kB 
blocked  human  VSMC  proliferation  [10].  Other  studies 
mostly  point  to  a  role  of  NF-kB  in  regulating  apoptosis  of 
VSMCs  and  fine-tuning  of  the  inflammatory  response  present 
in  the  injured  vessel  wall  [11].  Overall,  these  studies  support 
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the  idea  that  NF-kB  activation  in  VSMCs  represents  a  key 
mechanism  for  the  accelerated  vascular  disease  observed 
in  diabetes.  Strategies  targeting  NF-kB  pathway  activation 
to  inhibit  VSMC  proliferation  for  the  prevention  or  the 
treatment  of  cardiovascular  diseases  are  emerging  [12,13]. 

Despite  intensive  insulin  treatment  and  well-controlled 
glucose  levels,  vascular  complications  are  still  common 
among  T1D  patients  [2].  As  well  as  reduced  endogenous 
insulin,  the  level  of  C-peptide  is  also  decreased  in  the  plasma 
of  T1D  patients.  This  peptide  is  cleaved  from  proinsulin  and 
released  from  the  pancreas  into  the  circulation  in  equimolar 
amounts  to  insulin.  C-peptide  was  initially  believed  to  have  no 
biological  effects  apart  from  its  role  in  insulin  biosynthesis. 
However,  recent  evidence  suggests  that  C-peptide  may  have 
a  physiological  role  on  a  variety  of  cell  types  including  the 
vasculature  [14].  Moreover,  results  from  small  clinical  trials 
where  C-peptide  was  administered  to  T1D  patients,  showed 
that  C-peptide  ameliorates  renal  dysfunction  [15],  stimu¬ 
lates  skeletal  muscle  microcirculation  [16],  and  improves 
functional  and  structural  abnormalities  in  peripheral  nerves 
[15,17].  It  was  then  proposed  that  C-peptide  may  represent 
an  important  factor  in  reversing  or  preventing  micro  vascular 
damage  associated  with  diabetes.  Supporting  this  hypothesis, 
was  evidence  that  T1D  patients  receiving  whole  pancreas 
or  islet  transplantation  exhibited  improvement  in  vascular 
disease  in  comparison  to  patients  receiving  daily  insulin 
injections  to  control  their  hyperglycemia  [18,19]. 

Several  studies  have  focused  on  the  direct  effects  of  C- 
peptide  on  the  vasculature,  often  with  contradicting  results. 
For  example,  while  there  seems  to  be  concordance  on  the 
vasodilatatory  properties  of  C-peptide  [20],  it  is  still  con¬ 
troversial  whether  C-peptide  exerts  pro-atherogenic  effects 
on  the  vasculature  or  vice  versa  [21].  Other  observations 
point  instead  to  a  protective  role  of  C-peptide  on  vascu¬ 
lar  dysfunction  in  diabetes.  For  example,  Kobayashi  et  al. 
[22]  demonstrated  that  3  weeks  exposure  to  C-peptide  inhib¬ 
ited  high  glucose-induced  hyperproliferation  of  rat  VSMCs. 
Another  group  showed  that  rat  C-peptide  inhibits  leukocyte- 
microvascular  endothelium  interaction  in  vivo  [23]. 

This  study  evaluated  (1)  the  effects  of  short-term  exposure 
of  C-peptide  on  high  glucose-induced  proliferation  of  human 
VSMCs  in  vitro ,  and  (2)  determined  whether  the  NF-kB  path¬ 
way  is  involved  in  the  intracellular  signaling  events  associated 
with  C-peptide  in  VSMCs,  since  to  date,  no  data  identifies 
or  excludes  NF-kB  signaling  as  a  molecular  event  associ¬ 
ated  with  C-peptide  effects  on  VSMCs  under  high  glucose 
conditions. 


2.  Materials  and  methods 

2.7.  Cell  culture 

Human  umbilical  artery  smooth  muscle  cell  (UASMC) 
and  human  aortic  smooth  muscle  cell  (AoSMC)  were 
obtained  from  Cambrex  (Cambrex  Bio  Science,  Walkersville, 


Inc.,  USA)  and  grown  into  75  cm2  cell  culture  flasks  (Corning 
Incorporated,  NY,  USA)  at  37  °C,  5%  CO2  in  the  presence 
of  smooth  muscle  cell  basal  medium-2  (SMGM-2)  (Cam¬ 
brex  Bio  Science)  additioned  with  5%  of  FBS,  0.1%  of 
antibiotics  GA-1000  (gentamicyn,  amphotericin  B),  0.2% 
of  human  basic  fibroblastic  growth  factor  (hFGF-b),  0.1% 
insulin,  and  0.1%  of  human  epidermal  growth  factor  (hEGF) 
(Cambrex  Bio  Science).  Cells  were  used  at  passage  4-10  for 
the  experiments. 

2.2.  Treatment  conditions 

SMGM-2  containing  25  mmol/L  glucose  (Sigma  Chemi¬ 
cal  S.  Louis,  MO,  USA)  was  used  as  a  high  glucose  condition 
in  all  the  experiments,  while  basal  SMGM-2,  which  contains 
5.6  mmol/L  glucose,  was  used  as  normal  glucose  control. 
In  all  experiments,  cells  were  serum-deprived  for  24  h  with 
SMGM-2  containing  1%  FBS  and  0.1%  antibiotics  GA- 
1000.  Cells  were  then  replaced  with  SMGM-2  containing 
25  mmol/L  glucose  in  the  presence  or  absence  of  human 
C-peptide  (0.5  and  1  nmol/L)  (Sigma  Chemical)  for  48  h. 
Basal  SMGM-2  containing  5.6  mmol/L  glucose  was  used 
as  control.  Insulin  was  not  added  to  the  culture  medium. 
The  effects  of  two  different  NF-KB-inhibitors,  such  as  (E)- 
3-(-4-methylphenylsulfonyl)-2-propenenitrile  (Bay  1 1-7082; 
Sigma)  (1  pM)  and  pyrrolidine  dithiocarbamate  (PDTC, 
Sigma)  (20  pM)  were  also  tested  in  VSMCs.  These  NF-KB- 
inhibitors  were  added  to  SMGM-2  with  25  mmol/L  glucose 
for  48  h.  Separate  sets  of  experiments  were  performed  in 
which  C-peptide  (0.5  and  1  nmol/L)  was  added  to  medium 
containing  normal  glucose.  Purity  of  C-peptide  was  >95% 
as  assessed  by  the  manufacturer  by  HPLC  evaluation.  C- 
peptide  concentrations  were  chosen  on  the  basis  of  previous 
reports  demonstrating  that  specific  binding  of  C-peptide  to 
human  cell  membranes  reaches  full  saturation  at  low  physio¬ 
logical  concentrations  (0.9  nmol/L)  [24].  Human  scrambled 
C-peptide  (Sigma-Genosys,  Texas,  USA)  was  used  as  a 
control.  The  scrambled  C-peptide  has  an  identical  amino 
acid  composition  to  that  of  the  human  C-peptide,  but  the 
sequence  was  randomized  [23].  Scrambled  C-peptide  was 
filtered  with  0.2  pm  filters  (Supor  Membrane,  Life  Sciences, 
Corning)  to  decrease  any  chance  of  bacterial  contamination. 


3.  Cell  proliferation  assays 

3.1.  BrdU  measurement  of  proliferation 

Proliferation  of  VSMCs  was  evaluated  by  uptake 
of  bromo-2/-deoxy-uridine  (BrdU)  using  an  ELISA  kit 
(Roche  Diagnostic,  Manheim,  Germany)  following  manu¬ 
facturer’s  instructions.  Briefly,  UASMC  and  AoSMC  were 
seeded  (6  x  103  cells/100  pL)  in  96- well  flat-bottomed  plate 
(FALCON®  Becton  Dickinson  and  Company,  Franklin 
Lakes,  NJ)  and  kept  them  at  37  °C,  5%  CO2  overnight.  Cells 
were  then  exposed  to  the  indicated  treatment  conditions  in  the 
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presence  of  10  [xmol/L  of  BrdU.  Each  condition  was  tested 
in  triplicate.  Results  were  expressed  as  proliferative  response 
(fold  induction  vs.  5.6  mmol/L)  and  final  data  averaged  (mean 
values  zb  S.D.). 

3.2.  Cell  proliferation  by  cell  counting 

33,000  UASMC/well  were  seeded  in  6- well  plates  (Com¬ 
ing  Incorporated)  and  left  overnight  in  an  incubator  at  37  °C, 
5%  CO2.  Cells  were  then  serum-deprived  and  exposed  to 
the  indicated  treatment  conditions  and  then  counted  using 
a  Neubauer  Hemocytometer  (Hausser  Scientific,  Horsham, 
PA),  as  previously  published  [4,25]. 

3.3.  UASMC  Ki-67  staining 

As  another  technique  to  assess  VSMC  proliferation, 
we  used  Ki-67  immunofluorescence  staining  for  prolif¬ 
erating  cells.  UASMC  were  seeded  into  a  glass  bottom 
culture  dish  (35  mm  diameter,  poly-d-lysin  coated)  (Mat- 
Tek  Corporation,  Ashland,  MA)  (~1 0,000  cells/dish)  and 
then  cultured  following  treatment  conditions.  Cells  were  per- 
meabilized  with  0.02%  of  Triton-XlOO  (Sigma),  fixed  with 
2%  paraformaldehyde  (PFA)  (USB  Corporation,  Cleveland, 
OH,  USA)  and  stained  with  a  monoclonal  mouse  anti-human 
Ki-67  primary  antibody  overnight  (1:100,  DakoCytomation, 
Denmark).  A  carboxymethylindocyanine  3(Cy3)-conjugated 
goat  anti  mouse  secondary  antibody  (1:500,  Jackson  Immuno 
Research  Lab  INC.  West  Grove,  PA)  was  then  added  for  1  h. 
DAPI  stain  (Molecular  Probes)  was  used  to  stain  the  nuclei. 
Images  were  recorded  with  a  confocal  laser- scanning  micro¬ 
scope  (Nikon,  Eclipse  E800,  Japan).  The  number  of  Ki67+ 
cells  was  counted  in  five  different  fields  per  dish  by  one  of 
the  investigator  blind  to  the  study.  A  Ki67-labeling  index  was 
calculated  by  dividing  the  number  of  Ki67+  cells  by  the  total 
number  of  cells  in  each  of  the  5  fields.  An  averaged  Ki-67 - 
labeling  index  (±S.D.)  was  then  obtained  for  each  section. 
Four  different  independent  experiments  were  performed. 

4.  NF-kB  analysis  assays 

4.1.  Nuclear  and  cytoplasmic  extracts 

VSMCs  were  cultured  in  SMGM-2  following  treatment 
conditions  and  then  pretreated  with  25  pi  of  protease  inhibitor 
cocktail  (Pierce,  Rockford,  IL).  Nuclear  and  cytoplasmic 
fractions  were  separated  using  NE-PER®  Nuclear  and  Cyto¬ 
plasmic  extraction  kit  (Pierce).  Protein  concentration  was 
measured  using  a  BCA  assay  (Pierce). 

4.2.  Immunoblotting 

NF-kB  p65  immunoblots  were  performed  as  previously 
described  [26]  with  10  jxg  of  nuclear  protein  extracts.  Den¬ 
sitometry  was  performed  with  UN-SCAN-IT  gel  software 
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(Silk  Scientific,  Orem,  UT).  IkB-c*  andp-lKB-a  immunoblots 
were  performed  with  10  jxg  of  cytoplasmic  protein  extracts 
[26].  A  minimum  of  three  independent  experiments  was 
performed. 

4.3.  NF-kB  p50  ELISA 

Activation  of  the  NF-kB  p50  subunit  was  detected  on  3  jxg 
of  nuclear  extracts  using  a  EZ-Detect™  Transcription  Factor 
Kit  (Pierce  Biotechnology). 

4.4.  Determination  of  NF-kB  p65  translocation  by 
immunofluorescence 

UASMC  were  seeded  into  a  glass  bottom  culture  dish 
(~  10,000  cells/dish)  (MatTek  Corporation).  After  the 
indicated  treatments,  cells  were  fixed  with  2%  PFA  (USB 
Corporation),  and  stained  with  a  rabbit  polyclonal  primary 
antibody  against  NF-kB  p65  (1:150,  Santa  Cruz  Biotech¬ 
nology,  Inc.)  at  4°C  overnight.  A  3(Cy3)-conjugated  goat 
anti-rabbit  secondary  antibody  (1:500,  Jackson  Immuno 
Research  Lab  Inc.)  was  then  added  for  1  h,  in  the  dark,  at 
room  temperature.  DAPI  stain  (Molecular  Probes)  was  used 
to  stain  the  nuclei.  Fluorescence  staining  was  evaluated  using 
Nikon,  Eclipse  E800  epifluorescence  microscope  connected 
to  a  digital  camera  and  interfaced  with  a  computer. 

5.  Statistical  analysis 

Results  from  each  experiment  were  averaged  and 
expressed  as  meanzbS.D.  Comparisons  between  5.6  and 
25  mmol/L  glucose  conditions  were  performed  by  paired  Stu¬ 
dent’s  t- test.  ANOVA  followed  by  Dunnett’s  post  hoc  test  was 
applied  to  evaluate  differences  between  25  mmol/L  glucose, 
C-peptide,  and  NF-kB  inhibitors.  A  p-v alue  of  p<0.05  was 
considered  statistically  significant. 

6.  Results 

6.1.  C-peptide  decreases  high  glucose -induced 
proliferation  of  VSMCs 

In  Fig.  1A,  we  examined  the  influence  of  high  glu¬ 
cose  on  UASMC  proliferation  by  measuring  the  nuclear 
incorporation  of  BrdU  (DNA  synthesis).  We  found  that 
exposure  of  UASMC  for  48  h  to  25  mmol/L  glucose  signifi¬ 
cantly  increased  BrdU  incorporation  compared  with  control 
cells  exposed  to  5.6  mmol/L  glucose  (p  =  0.002).  Admin¬ 
istration  of  C-peptide  at  a  dose  of  0.5  (/?<0.01),  and 
1  nmol/L  (p<0.01)  for  48  h  significantly  suppressed  high 
glucose-induced  increase  in  BrdU  incorporation  in  UASMC 
compared  to  untreated  and  scrambled  C-peptide-treated  cells 
(Fig.  1A).  The  addition  of  specific  NF-kB  inhibitors  PDTC 
or  BAY  11-7082  under  high  glucose  conditions  (25  mmol/L) 
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Fig.  1.  C-peptide  reduces  high  glucose-induced  proliferation  of  VSMCs.  VSMCs  were  incubated  with  25  mmol/L  glucose  in  the  presence  or  in  the  absence 
of  C-peptide  (C-P)  for  48  h  and  assayed  for  proliferation.  In  (A),  BrdU  incorporation  shows  cellular  proliferation  in  high  glucose  (p  =  0.002  vs.  5.6  mmol/L). 
C-peptide  reduced  high  glucose-induced  UASMC  proliferation  ( p  <  0.01),  while  addition  of  scrambled  C-peptide  (Scr  C-P)  did  not  have  any  significant  effect. 
Addition  of  the  NF-kB  inhibitors  PDTC  (20  fxM)  and  BAY- 11078  (1  |xM)  also  showed  a  decrease  in  proliferation  (p<0.01  vs.  25  mmol/L  glucose).  In  (B), 
BrdU  incorporation  in  AoSMC  demonstrates  that  high  glucose- stimulated  cellular  proliferation  (p  =  0.048  vs.  5.6  mmol/L).  C-peptide  significantly  reduced 
high  glucose-induced  UASMC  proliferation  (p<0.01  vs.  25  mmol/L),  while  addition  of  scrambled  C-peptide  (Scr  C-P)  did  not  have  any  effect.  Addition  of 
PDTC  (20  |xM)  and  BAY-11078  (1  |xM)  also  showed  a  decrease  in  proliferation  (p<0.01  vs.  25  mmol/L  glucose).  Values  are  mean±  S.D.  of  10  different 
experiments  run  in  triplicate.  In  (C),  boxplot  graphs  showing  the  median  values  (limits  of  the  lines  are  5th  and  95th  centiles)  of  number  of  UASMC  counted 
with  a  hemocytometer  (n  =  10  experiments)  (on  the  y-axis).  Cell  number  increased  with  25  mmol/L  glucose  compared  to  5.6  mmol/L  glucose  (p  =  0.000),  while 
0.5  and  1  nmol/L  C-peptide  reduced  high  glucose-induced  UASMC  proliferation  (p  <  0.01). 


significantly  suppressed  UASMC  proliferation  (/?<0.01  vs. 
25  mmol/L  glucose)  (Fig.  1A). 

We  also  tested  the  effect  of  C-peptide  on  the  proliferative 
response  of  human  AoSMC.  Similarly  to  UASMC,  exposure 
to  25  mmol/L  glucose  for  48  h  increased  cell  proliferation 
compared  to  cells  exposed  to  5.6  mmol/L  glucose  (p  =  0.048) 


(Fig.  IB).  We  observed  a  decrease  in  BrdU  incorporation 
when  AoSMC  were  cultured  for  48  h  with  25  mmol/L  glu¬ 
cose  in  the  presence  of  0.5  nmol/L  (p<0.01)  and  1  nmol/L 
(p  <  0.01)  C-peptide  (Fig.  IB)  and  the  addition  of  scrambled 
C-peptide  had  no  effect  (Fig.  IB).  The  NF-kB  inhibitors 
PDTC  or  BAY  11 -7082  added  to  the  medium  containing 
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25  mmol/L  glucose  significantly  inhibited  AoSMC  prolifer¬ 
ation  (p<0.01)  (Fig.  1A). 

The  increase  in  high  glucose-induced  VSMCs  cellu¬ 
lar  proliferation  was  also  confirmed  by  counting  total  cell 
numbers  with  a  hemocytometer  (Fig.  1C).  UASMC  cul¬ 
tured  under  high  glucose  (25  mmol/L)  increased  in  number 
(42625  zb  9672)  compared  to  normal  glucose  conditions 
(5.6mmol/L)  (28000  ±  8337)  (p  =  0.000)  (Fig.  1C).  The  addi¬ 
tion  of  C-peptide  at  concentrations  of  0.5nmol/L  (p<0.01) 
or  1  nmol/L  (/7  <  0.01)  to  high  glucose-treated  cells,  restored 
cell  numbers  to  the  same  level  as  normal  glucose  conditions 
(Fig.  1C). 

In  contrast,  when  we  cultured  UASMCs  with  regular 
medium  (containing  5.6  mmol/L  of  glucose)  in  the  presence 
of  C-peptide  we  detected  increased  BrdU  incorporation  as 
compared  to  regular  medium  in  the  absence  of  C-peptide 
(p  <  0.05)  (Fig.  2A).  We  did  not  detect  a  significant  increase 
in  BrdU  incorporation  in  AoSMC  exposed  to  regular  medium 
in  the  presence  of  C-peptide  (Fig.  2B). 

6.2.  C-peptide  decreases  the  number  of  Ki67+  UASMC 
exposed  to  high  glucose 

As  an  additional  indication  of  cellular  proliferation, 
immunofluorescence  staining  of  UASMC  for  the  nuclear 
marker  Ki67  was  performed  under  normal  (5.6  mmol/L) 


in  5.6mmol/L  glucose 


Fig.  2.  C-peptide  stimulates  proliferation  of  VSMCs  under  normal  glucose. 
VSMCs  were  incubated  with  5.6  mmol/L  in  the  presence  or  in  the  absence  of 
C-peptide  (C-P)  for  48  h  and  assayed  for  proliferation.  In  (A),  BrdU  incorpo¬ 
ration  in  UASMC  shows  increased  proliferation  in  the  presence  of  1  nmol/L 
C-peptide  (p<  0.05  vs.  5.6  mmol/L  glucose),  while  addition  of  scrambled 
C-peptide  (Scr  C-P)  did  not  have  any  significant  effect.  In  (B),  BrdU  incor¬ 
poration  in  AoSMC  shows  no  significant  effect  of  C-peptide  on  cellular 
proliferation  under  normal  glucose  conditions.  Values  are  mean  ±  S.D.  of 
three  different  experiments  run  in  triplicate. 


and  high  glucose  (25  mmol/L)  (Fig.  3A)  conditions  with  or 
without  C-peptide  (0.5  nmol/L)  treatment.  We  observed  a 
significant  increase  in  Ki67+  cells  under  high  glucose  condi¬ 
tions  (p  =  0.01  vs.  5.6  mmol/L),  while  addition  of  C-peptide 
reduced  Ki67+  cell  number  (19.8%±2.88)in  comparison  to 
cells  exposed  to  25  mmol/L  glucose  only  (26.8%%  ±2.91) 
( p  =  0.02)  (Fig.  3A  and  B).  The  increase  in  Ki67+  cells  from 
UASMC  grown  under  high  glucose  conditions  was  mediated 
by  NF-kB  activation  since  treatment  with  PDTC  (20  jxM), 
an  NF-kB  inhibitor,  reduced  the  number  of  Ki67+  cells  to 
basal  levels  detected  in  normal  glucose  conditions  ( p  <0.01) 
(Fig.  3Aand  B). 

6.3.  Effect  of  C-peptide  on  high  glucose -induced  NF-kB 
activation 

To  determine  if  high  glucose-induced  proliferation  of 
UASMC  was  associated  with  activation  of  the  NF-kB  sig¬ 
naling  pathway,  immunoblot  analysis  and  NF-kB -specific 
ELISAs  were  performed  with  nuclear  extracts  from 
stimulated-UASMC.  As  shown  in  Fig.  4 A,  high  glucose 
(25  mmol/L)  induced  an  increase  in  NF-kB  p65  nuclear 
translocation  in  comparison  to  normal  glucose  (5.6  mmol/L) 
stimulated  UASMC.  The  addition  of  C-peptide  to  the  high 
glucose  cultures  decreased  NF-kB  p65  nuclear  translo¬ 
cation  to  normal  glucose  levels  (Fig.  4A),  while  the 
addition  of  scrambled  C-peptide  did  not  suppress  NF- 
kB  activity  (Fig.  4A).  Densitometry  of  the  NF-kB  p65 
immunoblot  demonstrated  that  high  glucose- stimulated  NF- 
kB  p65  nuclear  translocation  (p  =  0.038  vs.  normal  glucose) 
and  that  the  addition  of  C-peptide  (1  nmol/L)  during  high 
glucose  exposure  reduced  NF-kB  p65  nuclear  translo¬ 
cation  by  2-fold  as  compared  to  high  glucose  alone 
(p<  0.05)  (Fig.  4B).  NF-kB  activation  was  also  assessed 
with  a  NF-kB  p50-specific  ELISA  with  nuclear  extracts 
from  glucose- stimulated  UASMCs,  as  shown  in  Fig.  4C. 
High  glucose-induced  a  significant  increase  in  NF-kB  p50 
binding  activity  in  contrast  to  normal  glucose  (;?  =  0.02) 
and  was  efficiently  ablated  by  the  addition  of  C-peptide 
(p<  0.05). 

Similar  results  were  obtained  with  AoSMC,  as  shown  in 
Fig.  5.  While  NF-kB  p65  nuclear  translocation  increased 
under  exposure  to  high  glucose,  addition  of  C-peptide  to 
the  high  glucose  medium  reduced  NF-kB  activation  to  basal 
levels  observed  under  5.6  mmol/L  glucose  (Fig.  5). 

Nuclear  translocation  of  NF-kB  p65  was  also  deter¬ 
mined  by  immunofluorescence  staining.  UASMC  cultured 
in  25  mmol/L  glucose  resulted  in  an  increase  in  NF-kB 
p65  nuclear  translocation  as  demonstrated  by  the  intense 
green  fluorescence  localized  in  the  cell  nuclei  (Fig.  6)  and 
also  from  superimposing  photomicrographs  of  D API- stained 
nuclei  (blue)  (Fig.  6B)  with  green  fluorescence  (Fig.  6C). 
Cells  in  normal  glucose  (5.6  mmol/L)  retained  NF-kB  p65  in 
the  cytoplasm  (green  fluorescence)  with  very  little  staining 
observed  in  the  nuclei  (Fig.  6A).  The  addition  of  C-peptide 
(0.5  nmol/L)  to  high  glucose- treated  cells  prevented  NF-kB 
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5.6mmol/L  glucose 

25mmol/L  glucose 

25mmol/L  glucose 
+  0.5nmol/L  C-peptide 

25mmol/L  glucose 
+  20|aM  PDTC 

Fig.  3.  C-peptide  reduces  the  number  of  Ki67+  cells.  In  (A),  images  of  Ki-67-immunostaining  (in  red)  in  UASMC  exposed  for  48  h  to  the  different  conditions,  as 
stated.  DAPI  stainining  was  used  to  stain  the  nuclei  (in  blue).  C-peptide  addition  to  the  high  glucose  medium  reduced  Ki67+  cell  number.  In  (B),  quantitation  of 
Ki67+  cells.  Bar  graph  shows  percent  of  Ki-67+  cells  (mean  ±  S.D.)  compared  to  DAPI  staining  (blue)  from  five  random  fields  of  four  independent  experiments. 
Exposure  of  UAMSC  to  25  mmol/L  glucose  increased  number  of  Ki-67+  cells  compared  to  normal  glucose  (p  =  0.01),  while  addition  of  C-peptide  significantly 
reduced  the  number  of  Ki-67+  proliferating  cells  (p<  0.05  vs.  25  mmol/L  glucose).  Addition  of  the  NF-kB  inhibitor  PDTC  to  the  high  glucose  medium  also 
reduced  the  number  of  Ki-67+  cells  (p  <  0.01  vs.  25  mmol/L  glucose). 


p65  nuclear  translocation  (Fig.  6A),  an  effect  not  observed 
with  scrambled  C-peptide. 

The  mechanism  underlying  NF-kB  nuclear  translocation 
from  the  cytoplasm  to  the  nucleus  is  based  on  the  phospho¬ 
rylation  of  IkBol  We  therefore  investigated  the  effects  of 
C-peptide  on  high  glucose-induced  phosphorylation  of  IkBc* 
by  Western  blotting  on  cytoplasmic  extracts  from  UASMC 
(Fig.  7).  As  expected,  an  increase  in  the  level  of  phosphory- 
lated  IkBcx  (p-IhcBa)  was  observed  in  the  cytoplasmic  extracts 
after  UASMC  treatment  (48  h)  with  25  mmol/L  glucose  as 
compared  to  UASMC  cultured  in  low  glucose  (5.6  mmol/L) 


(Fig.  7).  Addition  of  C-peptide  to  the  high  glucose  medium 
caused  a  decrease  in  the  level  of  p-lKBa  as  compared  to  cells 
exposed  to  high  glucose  in  the  absence  of  C-peptide  (Fig.  7). 

7.  Discussion 

T1D  patients  have  an  increased  risk  of  developing 
atherosclerosis  compared  to  the  non-diabetic  population 
with  lesions  marked  by  endothelial  dysfunction  and  exac¬ 
erbated  VSMC  proliferation.  Proliferating  VSMCs  migrate 
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(A)  Western  Blot  in  25mmol/L  glucose 

5.6mmol/L  25mmol/L  1  nmol/L  C-P  0.5nmol/L  C-P  1  nmol/L  Scr  C-P 


p-actin 


NF-kB  p65 


(B)  Densitometry  for  NF-kB  p65 


(C)  ELISA  for  NF-kB  p50 


Fig.  4.  Expression  of  p65  subunits  of  NF-kB  in  UASMC  cultured  in  high  glucose  in  the  presence  of  C-peptide.  UASMC  were  cultured  in  5.6mmol/L  or 
25  mmol/L  glucose  in  the  presence  or  absence  of  C-peptide  (C-P)  for  48  h.  Cellular  nuclear  extracts  were  subjected  to  Western  immunoblotting  to  detect  p65 
levels  using  a  specific  antibody  (1:1,000).  Scrambled  C-peptide  (Scr  C-P)  was  used  as  control.  In  (A),  representative  immunoblot  depicting  the  65-kDa  band  of 
the  p65  subunit.  To  show  equal  loading  of  the  gel,  staining  for  p-actin  is  also  shown.  In  (B),  bar  graph  showing  the  densitometric  quantitation  of  the  bands  (n  =  4 
different  experiments).  There  is  a  significant  increase  in  NF-kB  p65  nuclear  translocation  in  cells  under  25  mmol/F  glucose  (p  =  0.038  vs.  5.6mmol/F)  that  is 
reduced  with  addition  of  C-peptide  (p  <0.05).  Results  are  means  ±  S.D.  In  (C),  NF-kB  binding  activity  of  the  p50  subunit  was  examined  using  a  EZ-Detect™ 
Transcription  Factor  kit  (Pierce  Biotechnology).  Results  were  expressed  as  fold  induction  of  NF-kB  p50  activity  respect  to  control  at  5.6  mmol/F.  High  glucose 
increased  NF-kB  p50  activation  as  compared  to  normal  glucose  (p  =  0.02).  This  activation  is  decreased  by  addition  of  C-peptide  to  the  high  glucose  medium 
( p  <  0.05  vs.  25  mmol/F  glucose  alone).  Means  ±  S.D.  of  six  independent  experiments  are  shown. 


from  the  media  into  early  atherosclerotic  lesions,  secrete 
pro-inflammatory  mediators,  up-regulate  cell  adhesion 
molecules,  and  promote  synthesis  of  matrix  molecules 
required  for  the  retention  of  lipoproteins  [3].  In  advanced 
human  lesions,  VSMCs  and  their  secreted  product  constitutes 
up  to  70-80%  of  the  content  of  the  atherosclerotic  plaques. 
Finally,  there  is  evidence  suggesting  that  VSMCs  may  also 
be  important  for  the  stability  of  the  atherosclerotic  plaque 
through  a  formation  of  a  firm  fibrous  cap  [27].  Thus,  the 
involvement  of  numerous  VSMC  functional  abnormalities  in 


diabetes,  warrant  the  control  of  their  proliferation  to  prevent 
diabetic  complications. 

In  this  study,  we  show  that  short-term  exposure  to  phys¬ 
iological  concentrations  of  C-peptide  inhibited  excessive 
proliferation  of  UASMC  and  AoSMC  induced  by  high  glu¬ 
cose  in  vitro.  Although  this  evidence  in  human  VSMC  is 
reported  here  for  the  first  time,  a  suppressive  effect  of  C- 
peptide  on  glucose-induced  proliferation  of  VSMCs  has  been 
previously  described  by  Kobayashi  et  al.  in  a  rat  aortic  smooth 
muscle  cell  line  [22].  Our  and  Kobayashi ’s  results  support 
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Fig.  5.  Expression  of  p65  subunits  of  NF-kB  in  AoSMC  cultured  in  high  glucose  in  the  presence  of  C-peptide.  Representative  immunoblot  (of  three  independent 
experiments)  depicting  the  65-kDa  band  of  the  p65  subunit  in  AoSMC  cultured  in  5.6  mmol/F  or  25  mmol/F  glucose  in  the  presence  or  absence  of  C-peptide 
(C-P)  for  48  h.  Cellular  nuclear  extracts  were  subjected  to  Western  immunoblotting  to  detect  p65  levels  using  a  specific  antibody  (1:1,000).  AoSMC  cultured 
in  high  glucose  in  the  presence  of  C-peptide  showed  a  decreased  NF-kB  nuclear  translocation  as  compared  to  high  glucose  alone.  Scrambled  C-peptide  (Scr 
C-P)  was  used  as  control.  To  show  equal  loading  of  the  gel,  staining  for  (3-actin  is  also  shown. 
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Fig.  6.  C-peptide  treatment  reduces  high  glucose-induced  nuclear  translocation  of  NF-kB  p65  subunit  in  UASMC.  UASMC  were  serum-starved  for  24  h  and 
then  treated  for  48  h  with  (I)  normal  glucose;  (II)  high  glucose;  (III)  high  glucose  in  the  presence  of  either  0.5  nmol/L  C-peptide  or  0.5  nmol/L  scrambled 
C-peptide  (Scr).  In  (A),  localization  of  NF-kB  immunostaining  using  a  monoclonal  antibody  against  the  p65  subunit  (green  fluorescence);  (B)  UASMC  nuclei 
stained  with  DAPI;  (C)  composite  images  generated  by  superimposing  photographs  in  A  and  B.  As  shown  in  (A),  the  green  fluorescence  corresponding  to  the 
p65  subunit  was  localized  mostly  in  correspondence  of  the  nuclei  when  cells  were  treated  with  25  mmol/L  glucose.  This  was  clearly  shown  by  superimposing 
the  DAPI  nuclear  staining  (in  B)  with  the  green  fluorescence.  On  the  contrary,  UASMC  treated  with  C-peptide  showed  green  fluorescence  mostly  localized  in 
the  cytoplasm,  rather  then  in  the  cell  nuclei.  Three  independent  experiments  were  performed,  and  one  representative  photomicrograph  sets  (30 x)  is  shown. 


the  view  that  physiological  concentrations  of  C-peptide  may 
exert  a  protective  action  on  VSMCs  in  conditions  of  hyper¬ 
glycemia  by  targeting  the  excessive  VSMC  proliferation. 
This  effect  might  be  specific  to  conditions  of  hyperglycemia, 
as  it  was  not  detected  under  normal  glucose.  In  fact,  VSMC 
cultured  in  normal  glucose  in  the  presence  of  C-peptide 
showed  an  increased  proliferation,  a  result  also  reported  by 
Walcher  et  al.  [28].  Based  on  these  findings,  it  is  tempting 


to  speculate  that  C-peptide  effects  on  proliferative  activities 
of  VSMCs  in  vitro  is  dependent  on  glucose  concentrations  in 
the  culture  medium,  with  stimulatory  activity  under  normal 
glucose  and  inhibitory  one  in  conditions  of  hyperglycemia. 

Another  factor  that  could  affect  C-peptide’ s  effect  on  pro¬ 
liferation  of  VSMCs  in  vitro ,  is  its  concentration  in  the  culture 
medium.  In  fact,  one  possible  scenario  is  that  lower,  physi¬ 
ological,  concentrations  of  C-peptide  produce  a  beneficial 
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Fig.  7.  Inhibitory  effect  of  C-peptide  on  phosphorylation  of  IkBcx  protein  in  UASMC.  UAMSC  were  serum-starved  for  24  h  and  then  treated  for  48  h  with: 
(1)  5.6  mmol/L  glucose;  (2)  25  mmol/L  glucose;  (3)  25  mmol/L  glucose  +  0.5  nmol/L  C-peptide  (C-P);  and  (4)  25  mmol/L  glucose  +  1  nmol/L  C-P.  Cellular 
cytoplasmic  extracts  were  subjected  to  Western  immunoblotting  to  detect  phosphorylated  Ii<Ba  (p-lKB-a)  using  a  specific  antibody.  In  this  figure,  it  is  shown 
a  representative  immunoblotting  depicting  decreased  phosphorylation  of  IkB-cx  (p-lKB-a)  with  C-peptide.  Immunoblot  for  total  IkB-cx  is  also  shown.  Similar 
results  were  obtained  in  at  least  two  independent  experiments. 
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effect  on  the  vasculature  [29],  while  higher  levels  of  circu¬ 
lating  C-peptide,  such  as  those  measured  in  type  2  diabetic 
patients  with  hyperinsulinemia  associated  with  insulin  resis¬ 
tance,  produce  deleterious  effects  on  the  vasculature.  In  sup¬ 
port  of  this  view  is  the  study  by  Walcher  et  al.  [2 1  ] ,  who  found 
that  higher  concentrations  of  C-peptide,  mimicking  those 
found  in  the  circulation  of  type  2  diabetic  patients,  produced 
maximal  stimulation  of  lymphocyte  chemotaxis  in  vitro. 
Future  studies  are  required  to  further  elucidate  these  issues. 

The  mechanisms  underlying  the  effects  of  C-peptide  on 
the  human  vasculature,  especially  in  conditions  of  hyper¬ 
glycemia,  are  still  largely  unknown.  This  study  investigated 
C-peptide  effects  on  the  NF-kB  pathway,  since  it  is  known 
that  NF-kB  activation  in  VSMCs  represents  a  key  mechanism 
for  the  accelerated  vascular  disease  observed  in  diabetes.  In 
support  of  a  previous  study  [7],  we  confirm  that  high  glu¬ 
cose  stimulates  NF-kB  activation  in  serum-deprived  VSMCs, 
but  our  work  uniquely  demonstrates  that  exogenous  addi¬ 
tion  of  C-peptide  significantly  reduced  high  glucose-induced 
nuclear  translocation  of  NF-kB  p65  and  p50  in  both  UASMC 
and  AoSMC.  Consistently,  C-peptide  reduced  high  glucose- 
induced  phosphorylation  of  IkBcx  in  VSMCs,  an  upstream 
signaling  event  that  regulates  NF-kB  translocation  from  the 
cytoplasm  to  the  nucleus. 

The  suppressive  effect  of  C-peptide  on  the  NF-kB  path¬ 
way  during  conditions  of  hyperglycemia  may  represent  the 
underlying  mechanism  for  the  inhibitory  effect  of  C-peptide 
on  VSMC  proliferation.  The  involvement  of  NF-kB  in  VSMC 
proliferation  in  high  glucose  conditions  is  demonstrated  by 
the  fact  that  addition  of  PDTC  and  BAY  1 1-7082,  two  specific 
NF-kB  inhibitors,  abolished  UASMC  and  AoSMC  prolif¬ 
eration  in  vitro.  These  results  are  in  apparent  contrast  with 
the  work  of  Kitazawa  et  al.  [30]  who  detected  a  stimulatory 
activity  of  C-peptide  on  the  NF-kB  pathway  in  Swiss  3T3 
fibroblasts  in  vitro.  The  reason  for  the  discrepancy  between 
these  two  studies  could  lie  on  the  different  experimental 
design  and  cell  types  used.  In  fact,  while  Kitazawa  et  al. 
investigated  fibroblast  grown  in  low  glucose  conditions,  our 
experiments  were  carried  out  in  VSMC  lines  exposed  to  high 
glucose. 

Identification  of  signal  transduction  pathways  involved 
in  C-peptide  functions  on  VSMCs  may  have  therapeutic 
implication  for  the  treatment  or  the  prevention  of  vascular 
lesions  in  diabetic  patients.  It  is  well  known  that  vascular 
dysfunction  and  generalized  monocyte  activation  are  very 
early  phenomenon  during  the  progression  of  T1D,  even  in 
patients  with  recent  onset  diabetes  and  in  high-risk  individu¬ 
als  in  the  preclinical  phase  [31].  Our  current  study  emphasize 
the  idea  that  C-peptide  in  replacement  doses  to  T1D  patients, 
who  lack  endogenous  C-peptide  and  are  at  risk  of  developing 
episodes  of  hyperglycemia,  may  be  beneficial  in  the  preven¬ 
tion  and/or  progression  of  vascular  compromise  associated 
with  diabetes.  A  beneficial  effect  of  C-peptide  replacement 
therapy  has  already  been  demonstrated  by  clinical  studies  on 
T1D  patients  where  C-peptide  has  been  shown  to  amelio¬ 
rate  chronic  myocardial,  renal,  and  neuronal  complications 
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[15-17].  Furthermore,  a  physiologic  anti-inflammatory  effect 
of  C-peptide  on  glucose-induced  endothelial  dysfunction  has 
also  been  demonstrated  by  our  group  (Luppi  P.  et  al.  unpub¬ 
lished  results). 

In  conclusion,  our  findings  support  the  hypothesis  that 
C-peptide  at  physiological  concentrations  inhibits  VSMC 
proliferation  under  high  glucose  conditions  likely  due  to  sup¬ 
pression  of  NF-kB  activation.  These  findings  underscore  a 
role  of  C-peptide  in  V SMC  functions,  especially  in  conditions 
of  diabetic  insult  to  the  vasculature. 
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Abstract 

Aims/hypothesis  Endothelial  dysfunction  in  diabetes  is  pre¬ 
dominantly  caused  by  hyperglycaemia  leading  to  vascular 
complications  through  overproduction  of  oxidative  stress 
and  activation  of  the  transcription  factor  nuclear  factor- kB 
(NF-kB).  Many  studies  have  suggested  that  decreased  circu¬ 
lating  levels  of  C-peptide  may  play  a  role  in  diabetic  vascular 
dysfunction.  To  date,  the  possible  effects  of  C-peptide  on 
endothelial  cells  and  intracellular  signalling  pathways  are 
largely  unknown.  We  therefore  investigated  the  effect  of 
C-peptide  on  several  biochemical  markers  of  endothelial 
dysfunction  in  vitro.  To  gain  insights  into  potential  intracellular 
signalling  pathways  affected  by  C-peptide,  we  tested  NF-kB 
activation,  since  it  is  known  that  inflammation,  secondary  to 
oxidative  stress,  is  a  key  component  of  vascular  complica¬ 
tions  and  NF-kB  is  a  redox-dependent  transcription  factor. 
Methods  Human  aortic  endothelial  cells  (HAEC)  were 
exposed  to  25  mmol/1  glucose  in  the  presence  of  C-peptide 
(0.5  nmoFl)  for  24  h  and  tested  for  expression  of  the  gene 
encoding  vascular  cell  adhesion  molecule- 1  ( VCAM-1 )  by 
RT-PCR  and  flow  cytometry.  Secretion  of  IL-8  and  mono¬ 
cyte  chemoattractant  protein- 1  (MCP-1)  was  measured  by 
ELISA.  NF-kB  activation  was  analysed  by  immunoblotting 
and  ELISA. 

Results  Physiological  concentrations  of  C-peptide  affect  high 
glucose-induced  endothelial  dysfunction  by:  (1)  decreasing 
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VCAM-1  expression  and  U-937  cell  adherence  to  HAEC;  (2) 
reducing  secretion  of  IL-8  and  MCP-1;  and  (3)  suppressing 
NF-kB  activation. 

Conclusions/interpretation  During  hyperglycaemia,  C- 
peptide  directly  affects  VCAM-1  expression  and  both  MCP-1 
and  IL-8  HAEC  secretion  by  reducing  NF-kB  activation. 
These  effects  suggest  a  physiological  anti-inflammatory 
(and  potentially  anti-atherogenic)  activity  of  C-peptide  on 
endothelial  cells. 

Keywords  Atherosclerosis  •  C-peptide  •  Cytokines  • 
Endothelial  cells  •  Inflammation  •  Monocytes  •  NF-kB  • 
Nuclear  factor  kB  •  Vascular  smooth  muscle  cells 

Abbreviations 

EBM-2  endothelial  basal  medium-2 

HAEC  human  aortic  endothelial  cells 

IkB  inhibitor  kB 

MCP-1  monocyte  chemoattractant  protein- 1 

MFI  mean  fluorescence  intensity 

NF-kB  nuclear  factor- kB 

PDTC  pyrrolidine  dithiocarbamate 

ROS  reactive  oxygen  species 

VCAM-1  vascular  cell  adhesion  molecule- 1 


Introduction 

Diabetes  is  a  well-established  risk  factor  for  vascular  diseases. 
Vascular  disease  in  diabetes  originates  from  common  func¬ 
tional  and  structural  changes  in  the  tunica  media  of  small 
(microangiopathy)  as  well  as  large  vessels  (macroangiopathy). 
In  large  vessels,  these  changes  increase  the  probability  of 
developing  atherosclerosis,  which  is  one  of  the  major 
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complications  affecting  diabetic  patients.  As  a  result  of  the 
diabetic  state,  the  vascular  compromise  at  small  vessels  level 
principally  affects  the  eye,  kidney  and  both  peripheral  and 
autonomic  nerves,  and  this  dysfunction  contributes  signifi¬ 
cantly  to  the  morbidity  associated  with  diabetes  [1]. 

Diabetes  causes  vascular  compromise  secondary  to  endo¬ 
thelial  dysfunction,  measured  by  in  vivo  studies  of  flow- 
mediated  vasodilation  [2]  and  increased  circulating  levels  of 
biochemical  markers,  such  as,  but  clearly  not  limited  to 
vascular  cell  adhesion  molecule- 1  (VCAM-1)  [3,  4].  General¬ 
ly,  VCAM-1  is  expressed  at  a  low  level  on  endothelial  cells 
and  is  upregulated  upon  cellular  activation,  such  as  that 
observed  after  exposure  to  inflammatory  stimuli  or  high 
glucose  [5,  6].  VCAM-1  binds  to  the  leucocyte  integrin 
(X4(34  (also  called  very  late  antigen-4;  CD49d)  and  has  a 
principal  role  in  the  early  stages  of  monocytes  adhesion  to 
the  vascular  endothelium,  one  of  the  first  steps  in  athero¬ 
sclerosis  plaque  formation.  A  major  hallmark  of  diabetes 
is  an  abnormally  elevated  blood  glucose  level,  i.e.  hyper- 
glycaemia,  which  has  been  proposed  as  one  factor  causing 
endothelial  dysfunction  in  diabetes.  In  endothelial  cells, 
acute  and  chronic  hyperglycaemia  works  through  reactive 
oxygen  species  (ROS)  production  [5,  7,  8]  that  leads  to 
activation  of  the  transcription  factor  nuclear  factor- kB 
(NF-kB)  [5,  9,  10]  and  ultimately  the  production  of  inflam¬ 
matory  mediators  [11]. 

In  the  unstimulated  state,  NF-kB  exists  in  its  canonical 
form  as  a  heterodimer  composed  of  p50  and  p65  subunits 
bound  to  IkB.  Upon  activation,  IkB  is  phosphorylated  and 
degraded  causing  the  release  of  p50/p65  components  of 
NF-kB  [12].  The  active  p50/p65  heterodimer  translocates 
to  the  nucleus  and  initiates  the  transcription  of  a  gamut  of 
genes  involved  in  the  inflammatory  response,  such  as  those 
encoding  pro-inflammatory  cytokines,  cell  surface  adhesion 
molecules  and  chemokines,  including  IL-8  and  monocyte 
chemoattractant  protein- 1  (MCP-1)  [5,  11,  13-15].  IL-8  and 
MCP-1  production  is  present  in  human  atherosclerotic  plaques 
[16]  and  participates  in  the  development  of  atherosclerosis  by 
recruiting  monocytes  into  the  subendothelial  cell  layer  [17]. 

It  has  been  suggested  that  proinsulin  C-peptide  may 
possess  cytoprotective  effects  on  the  microvasculature  during 
inflammatory  events  [18].  In  line  with  this,  it  has  been 
reported  that  type  1  diabetic  patients  with  circulating  levels 
of  C-peptide  closer  to  the  physiological  level  of  0.5  nmoFl 
[19]  or  receiving  whole  pancreas  [20]  or  allogeneic  islet  trans¬ 
plantation  [21]  show  a  reduced  incidence  of  microvascular 
complications.  The  mechanisms  able  to  produce  the  beneficial 
effects  of  C-peptide  on  vascular  dysfunction  in  diabetes 
remain  largely  unknown.  One  study  performed  in  vivo  in  a 
rat  inflammatory  model  of  vascular  dysfunction  showed 
that  a  single  i.v.  dose  of  C-peptide  significantly  inhibited 
leucocyte-endothelium  interaction  via  decreased  expression 
of  endothelial  cell  adhesion  molecules  [22],  a  phenomenon 


associated  with  release  of  nitric  oxide  [22,  23],  which  in  turn 
has  been  shown  to  inhibit  NF-kB  [24].  Similar  results  were 
obtained  in  isolated  ischaemic  and  reperfused  rat  hearts, 
where  addition  of  C-peptide  attenuated  polymorphonuclear 
cell  adherence  to  the  vascular  endothelium  [25].  To  date,  no 
data  are  available  on  the  effects  of  C-peptide  on  human 
endothelial  cells  exposed  to  the  damaging  insult  of  hyper¬ 
glycaemia,  a  common  condition  in  diabetes. 

We  therefore  initiated  a  study  on  the  direct  effects  of 
C-peptide,  testing  VCAM-1  expression  on  the  cell  surface, 
monocyte  adherence  and  secretion  of  IL-8  and  MCP-1  by 
human  aortic  endothelial  cells  (HAEC)  exposed  to  short¬ 
term  high  glucose.  Since  activation  of  the  transcription  factor 
NF-kB  is  involved  in  these  pro-inflammatory  responses,  we 
also  investigated  the  direct  effect  of  C-peptide  on  nuclear 
translocation  of  the  NF-kB  subunits  p50/p65  in  HAEC.  We 
hypothesised  that  physiological  concentrations  of  C-peptide 
protect  HAEC  from  high  glucose-induced  cellular  dysfunc¬ 
tion  by  decreasing  NF-kB  activation,  thus  inhibiting  NF- 
KB-dependent  genes,  such  as  those  encoding  VCAM-1, 
IL-8  and  MCP-1. 


Methods 

Cell  culture  of  HAEC  HAEC  were  obtained  from  Cambrex 
(Cambrex  Bioscience  Walkersville,  Walkersville,  MD,  USA) 
and  grown  into  75  cm2  culture  flasks  (250,000  per  flask) 
(Coming,  Coming,  NY,  USA)  at  37°C,  5%  C02  and  in  the 
presence  of  endothelial  basal  medium-2  (EBM-2)  supple¬ 
mented  with  endothelial  growth  media  SingleQuots  (Cambrex). 
HAEC  were  used  at  passages  two  to  six. 

Treatment  conditions  EBM-2  containing  25  mmol/1  glucose 
(Sigma  Chemical,  St  Louis,  MO,  USA)  was  used  as  a  high 
glucose  condition  in  all  the  experiments,  while  regular 
EBM-2,  which  contains  5.6  mmol/1  glucose,  was  used  as 
normal  glucose  condition.  In  all  experiments,  HAEC  were 
used  when  having  reached  an  80%  to  90%  confluency.  On 
the  day  of  the  experiment,  cells  were  washed  with  fresh 
EBM-2  and  then  replaced  with  EBM-2  containing  25  mmol/1 
glucose  in  the  presence  or  absence  of  physiological  concen¬ 
trations  of  human  C-peptide  (0.5  and/or  1  nmoFl)  (Sigma 
Chemical)  [26]  for  4  to  24  h  in  an  incubator  at  37°C  and 
5%  C02.  As  a  control  for  C-peptide  activity,  C-peptide  was 
heat-inactivated  by  boiling  it  for  1  h  and  then  added  to  the 
culture.  Human  recombinant  TNF-a  (10  ng/ml;  R&D 
Systems,  Minneapolis,  MN,  USA),  which  activates  HAEC, 
was  used  as  a  positive  control.  The  effect  of  the  NF-kB 
inhibitor  pyrrolidine  dithiocarbamate  (PDTC;  10  pmol/1; 
Sigma)  was  also  tested  on  HAEC  in  certain  experiments. 
This  inhibitor  was  added  to  EBM-2  with  25  mmol/1  glucose. 
Separate  sets  of  experiments  were  performed  in  which 
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C-peptide  was  added  to  regular  EBM-2  containing  5.6  mmol/1 
glucose. 

VCAM-1  detection  by  RT-PCR  HAEC  were  grown  into 
75  cm2  culture  flasks  (250,000  per  flask;  Coming)  and 
exposed  to  the  treatment  conditions  mentioned  above.  After 
4  and  24  h,  cells  were  trypsinised  and  frozen  at  -80°C. 
RNA  extraction  was  performed  using  the  RiboPure-Blood 
kit  (Ambion,  Austin,  TX,  USA).  For  RT-PCR,  1  \ig  RNA 
was  used  together  with  01igo(d)T  (RETRO script;  Ambion) 
and  1  \i\  of  cDNA  was  used  to  amplify  VCAM-1.  Human 
GAPDH,  18S  ribosomal  RNA  and  (3-actin  were  amplified 
and  served  as  internal  controls  [5].  Sequences  of  the 
oligonucleotides  used  to  amplify  these  genes  and  PCR  con¬ 
ditions  are  reported  as  Electronic  supplementary  material 
(ESM).  Three  independent  experiments  were  performed. 
Densitometry  was  performed  with  UN-SCAN-IT  gel 
software  (Silk  Scientific,  Orem,  UT,  USA).  Data  are 
expressed  as  median ±SD. 

Quantification  of  VCAM-1  by  flow  cytometry  HAEC 
(50,000  per  well)  were  maintained  in  6-well  plates  (Coming) 
until  confluent.  On  the  day  of  the  experiment,  cells  were 
exposed  to  the  treatment  conditions  mentioned  above  for 
24  h.  Determination  of  VCAM-1  expression  by  surface 
staining  was  performed  on  paraformaldehyde-fixed  HAEC 
monolayers  following  a  methodology  shown  to  preserve  single 
cell  integrity  [27].  A  phycoerythrine-conjugated  anti-human 
monoclonal  antibody  to  CD  106  (VCAM-1)  or  corresponding 
isotype  control  (BD  Pharmigen,  San  Diego,  CA,  USA)  were 
used  for  staining.  Cells  were  mn  on  a  Becton  Dickinson 
FACSCalibur  and  analysed  at  a  later  time  (Becton  Dickinson, 
San  Jose,  CA,  USA).  For  a  more  detailed  description  of 
methodology  and  data  analysis,  see  ESM.  Three  sets  of 
independent  experiments  were  performed.  Within  each 
experiment,  each  condition  was  tested  in  triplicate.  Data  are 
expressed  as  median±SD. 

Monocyte  adhesion  assay  HAEC  were  grown  on  48-well 
plates  (12,000  per  well;  Coming)  and  exposed  to  the  treat¬ 
ment  conditions  mentioned  above  for  4  h.  Human  mono¬ 
cytic  U-937  cells  were  purchased  from  the  American  Type 
Culture  Collection  (Rockville,  MD,  USA)  and  grown  in 
RPMI  1640  (Cambrex)  containing  10%  FCS,  100  ql/ml 
streptomycin,  100  IU/ml  penicillin,  250  ng/ml  fungizone, 
1  mmol/1  sodium  pymvate,  10  mmol/1  HEPES  (all  from 
Gibco  Invitrogen,  Carlsbad,  CA,  USA)  at  37°C  and  5%  of 
C02.  On  the  day  of  the  experiment,  medium  was  removed 
from  each  well,  cells  were  washed  with  PBS  and  fresh 
medium  containing  U-937  cells  (1  x  106  cells/ml,  500  pi)  was 
added  to  each  well  and  incubated  for  1  h  at  room 
temperature  on  a  rocking  plate.  Non-adherent  U-937  cells 
were  removed  and  adherent  cells  fixed  in  1%  glutaraldehyde. 


The  number  of  adherent  cells  was  evaluated  by  counting 
three  random  40 x  fields  per  well  by  a  blinded  investigator, 
avoiding  areas  of  non-confluence  and  cell  clusters.  Three 
experiments  were  performed.  Within  each  experiment,  each 
condition  was  tested  in  triplicate.  Results  are  showed  as 
median±SD. 

IL-8  and  MCP-1  detection  in  culture  supernatant  fraction 
by  ELISA  HAEC  were  maintained  in  6-well  plates  (50,000 
per  well;  Coming)  in  EBM-2  (Cambrex).  On  the  day  of  the 
experiment,  cells  were  exposed  to  the  treatment  conditions 
mentioned  above  for  4  h.  The  supernatant  fraction  was  col¬ 
lected  and  kept  at  -20°C  until  tested  by  ELISA  (Quantikine; 
R&D  Systems).  Three  independent  experiments  were  per¬ 
formed,  in  which  each  condition  was  tested  in  triplicate. 
Concentration  of  the  chemokines  (pg/ml)  was  assessed  by 
calculating  values  according  to  the  values  obtained  in  the 
standard  curve.  Results  from  three  separate  experiments  are 
shown  as  median ±SD. 

NF-kB  analysis  assays  HAEC  were  cultured  in  75  cm2 
culture  flasks  (250,000  per  flask;  Corning)  and  exposed  to 
the  treatment  conditions  as  indicated  above.  Cells  were 
collected  at  4  and  24  h  and  pretreated  with  25  pi  of  protease 
inhibitor  cocktail  (Pierce,  Rockford,  IL,  USA).  Nuclear  and 
cytoplasmic  fractions  were  separated  using  a  kit  (NE-PER 
Nuclear  and  Cytoplasmic  Extraction;  Pierce).  Protein  content 
of  the  extract  was  measured  using  a  bicinchoninic  acid  assay 
kit  (Pierce  Biotechnology).  For  detection  of  NF-kB  p65 
subunit  by  western  blot,  1 0  qg  of  nuclear  protein  extracts  were 
used  as  previously  described  [28].  Densitometry  analysis  of 
the  bands  was  performed  with  UN-SCAN-IT  gel  software 
(Silk  Scientific).  Activation  of  the  NF-kB  p50  subunit  was 
detected  on  3  qg  of  nuclear  protein  extracts  using  a  kit 
(EZ-Detect  Transcription  Factor  Kit;  Pierce  Technology). 
For  each  set  of  data,  a  minimum  of  three  experiments  was 
performed.  Data  were  averaged  and  expressed  as  means ±SD. 

Statistics  Paired  t  test  (two-tailed)  was  used  to  analyse 
differences  between  5.6  and  25  mmol/1  glucose.  ANOVA 
with  the  Dunnett’s  post  hoc  test  was  used  to  assess 
differences  between  25  mmol/1  glucose,  C-peptide  and 
PDTC  using  GraphPad  Prism  4  (GraphPad  Software,  San 
Diego,  CA,  USA).  Values  of /?<0.05  were  considered  to  be 
statistically  significant. 


Results 

C-peptide  reduces  VCAM-1  on  HAEC  exposed  to  high 
glucose  In  order  to  determine  the  effect  of  C-peptide  on 
high  glucose-stimulated  VCAM-1  levels  on  HAEC,  cells 
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were  treated  in  vitro  for  24  h  with  25  mmol/1  glucose  alone 
or  in  the  presence  of  C-peptide.  High  glucose  increased 
VCAM-1  mRNA  expression  compared  with  cells  cultured 
in  low  glucose  (Fig.  la,b;  />= 0.008).  C-peptide  added  to  the 
high  glucose  medium  inhibited  VCAM-1  mRNA  expression 
as  compared  with  high  glucose  medium  alone  (Fig.  la,b). 
Although  both  concentrations  of  C-peptide  (0.5  and  1  nmol/1) 
decreased  VCAM-1  mRNA  expression,  statistical  significance 
was  reached  with  0.5  nmol/1  C-peptide  only  (p< 0.05).  Heat- 
inactivated  C-peptide,  used  as  control,  did  not  have  a  sig¬ 
nificant  effect  on  VCAM-1  expression  (Fig.  lb).  As  expected, 
the  cytokine  TNF-a  induced  a  dramatic  upregulation  of 
VCAM-1  expression  with  a  threefold  increase  in  compari¬ 
son  to  normal  glucose  (Fig.  la,b).  The  inhibitory  effect  of 
C-peptide  on  high  glucose-induced  stimulation  of  VCAM-1 
mRNA  in  HAEC  was  observed  as  early  as  4  h  incubation 

(Fig.  2). 

We  obtained  similar  data  by  analysing  VC  AM- 1  expression 
on  HAEC  by  flow  cytometry.  High  glucose  significantly 
(p=0.03)  changed  VCAM-1  levels  (average  mean  fluores¬ 
cence  intensity  [MFI]  11 7. 5 ±25. 5  SD)  compared  with  cells 

a 
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Fig.  2  C-peptide  decreases  high  glucose-stimulated  VCAM-1  mRNA 
after  4  h.  Representative  example  of  RT-PCR  to  detect  VCAM-1 
mRNA  expression  in  HAEC  treated  for  4  h  with:  (1)  low  glucose  (LG; 
5.6  mmol/1  glucose);  (2)  high  glucose  (HG;  25  mmol/1  glucose);  (3) 
HG+0.5  nmol/1  C-peptide  (C-P);  (4)  LG+TNF-cx  00  ng/ml).  C- 
peptide  reduced  high  glucose-stimulated  VCAM-1  mRNA  in  HAEC. 
GAPDH  was  used  as  an  internal  control 


in  5.6  mmol/1  glucose  (average  MFI  85.3±2.4  SD)  (Fig.  3a). 
When  C-peptide  was  added  to  the  25  mmol/1  glucose,  the 
cell  surface  expression  of  VCAM-1  decreased  (Fig.  3a). 
Statistical  significance  was  reached  with  a  C-peptide  concen¬ 
tration  of  0.5  nmoFl  (average  MFI  80.5±5.5  vs  117.5±25.5  in 
25  mmol/1  glucose  alone;  /?<0.01).  The  cytokine  TNF-a 
stimulated  VCAM-1  expression  (average  MFI  305.3±115.5 
SD)  while  heat-inactivated  C-peptide  did  not  have  a  sig¬ 
nificant  effect  on  VCAM-1  (average  MFI  118.8±23.2  SD). 
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Fig.  1  C-peptide  decreases  high  glucose-stimulated  VCAM-1  mRNA 
after  24  h.  a  RT-PCR  was  used  to  detect  VCAM-1  mRNA  in  HAEC 
treated  for  24  h  with:  (1)  low  glucose  (5.6  mmol/l;  LG);  (2)  high 
glucose  (25  mmol/l;  HG);  (3)  HG+0.5  nmol/1  C-peptide  (C-P);  (4) 
HG+1  nmol/1  C-P;  (5)  HG+1  nmol/1  heat-inactivated  (HI)  C-P;  (6) 
LG+TNF-cx  10  ng/ml).  GAPDH ,  18S  rRNA  and  |3-actin  were  used  as 
internal  controls,  b  Densitometric  analysis  of  VCAM-1  mRNA 
expression.  Boxplot  graphs  showing  the  median  values  (limits  of  the 
lines  are  the  5th  and  95th  centiles  of  arbitrary  units  [AU])  of  VCAM-1 
mRNA  in  HAEC  (n= 3  independent  experiments).  C-peptide  de¬ 
creased  high  glucose-induced  VCAM-1  mRNA  expression  compared 
with  high  glucose  alone.  */?<0.05,  f/?=0.008  vs  5.6  mmol/l 
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Fig.  3  C-peptide  reduces  high  glucose-stimulated  VCAM-1  protein 
expression  on  HAEC.  Boxplot  graphs  showing  the  median  values 
(limits  of  the  lines  are  the  5th  and  95th  centiles)  of  MFI  of  VCAM-1 
expression  in  HAEC  exposed  to  a  25  mmol/l  glucose  or  b  5.6  mmol/ 
1  glucose  with  and  without  C-peptide  (C-P)  for  4  h  as  determined  by 
flow  cytometry  (n= 3  independent  experiments),  a  HAEC  exposed  to 
25  mmol/l  glucose  significantly  increased  VCAM-1  expression;  ^p= 
0.03  vs  5.6  mmol/l.  This  increase  was  significantly  inhibited  by 
0.5  nmol/1  C-peptide;  **p<0.01.  No  significant  changes  in  VCAM-1 
were  observed  when  C-peptide  was  added  to  basal  medium  containing 
5.6  mmol/l  glucose  (b).  HI,  heat-inactivated 
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When  C-peptide  was  added  to  low  glucose  medium,  it 
did  not  cause  a  significant  change  in  VCAM-1  expression 
(Fig.  3b). 

Because  C-peptide  at  a  dose  of  0.5  nmol/1  demonstrated 
a  significant  reduction  in  high  glucose-induced  VCAM-1 
expression,  we  conducted  all  further  experiments  using  this 
dose  only. 

C-peptide  inhibits  U-937  cells  adhesion  to  endothelial 
cells  To  determine  whether  the  C-peptide-induced  inhibi¬ 
tion  of  VCAM-1  expression  on  HAEC  was  associated  with 
a  decrease  in  U-937  adherence,  we  assessed  U-937  adhesion 
on  HAEC  exposed  to  C-peptide  under  high  glucose  con¬ 
ditions.  There  was  a  threefold  increase  in  the  number  of 
adherent  U-937  under  high  glucose  (106±32)  as  compared 
with  5.6  mmol/1  glucose  (34±8;  /?=0.004)  (Fig.  4a).  When 
C-peptide  was  added  to  the  high  glucose  medium,  the  number 
of  adherent  U-937  cells  was  reduced  (56±11;  /?<0.01  vs 
25  mmol/1  glucose;  Fig.  4a).  Addition  of  heat-inactivated 
C-peptide  did  not  significantly  alter  the  number  of  adherent 


cells  (93 ±5)  as  compared  with  25  mmol/1  glucose  alone.  As 
expected,  TNF-a,  which  activates  endothelial  cells,  pro¬ 
duced  a  fivefold  increase  in  U-937  adherence  in  comparison 
with  HAEC  exposed  to  normal  glucose  (Fig.  4a).  The 
adhesion  of  U-937  to  HAEC  under  the  different  conditions 
was  also  photographed  (Fig.  4b). 

When  we  evaluated  the  adherence  of  U-937  to  HAEC 
exposed  to  normal  glucose  and  with  C-peptide  added,  we 
did  not  observe  a  significant  change  as  compared  with 
normal  glucose  alone  (ESM  Fig.  1). 

C-peptide  inhibits  IL-8  and  MCP-1  secretion  by  HAEC  An¬ 
other  factor  possibly  affecting  U-937  adherence  to  HAEC 
in  the  presence  of  C-peptide  is  a  downregulation  of  secreted 
chemoattractant  molecules  by  endothelial  cells.  As  expected, 
we  found  that  secretion  of  IL-8  in  the  supernatant  fraction 
of  high  glucose-stimulated  HAEC  significantly  increased 
(751  ±99  pg/ml)  as  compared  with  normal  glucose  (592± 
120  pg/ml;  p= 0.04;  Fig.  5a),  while  addition  of  C-peptide 
reduced  IL-8  concentrations  to  levels  equivalent  to  normal 


Fig.  4  C-peptide  reduces  adhe¬ 
sion  of  U-937  to  HAEC  in 
condition  of  hyperglycaemia. 
HAEC  were  cultured  in 
25  mmol/1  glucose  in  the  pres¬ 
ence  or  absence  of  0.5  nmol/1  of 
C-peptide  (C-P)  for  4  h.  U-937 
were  added  for  1  h  and  then 
counted,  a  Boxplot  graphs 
showing  the  median  values 
(limits  of  the  lines  are  5th  and 
95th  centiles)  of  number  of 
adherent  U-937  per  well  (n= 3 
sets  of  independent  experi¬ 
ments).  High  glucose  increased 
the  number  of  adherent  U-937; 
^=0.004  vs  5.6  mmol/1  glu¬ 
cose.  Addition  of  C-peptide  re¬ 
duced  the  number  of  adherent 
U-937;  **/?<0.01  vs  25  mmol/ 

1  glucose  alone.  Heat-inactivated 
(HI)  C-peptide  (0.5  nmol/1)  did 
not  significantly  alter  adherence 
of  U-937.  TNF-a  (10  ng/ml) 
produced  more  than  a  fivefold 
increase  in  adherent  U-937  in 
comparison  to  normal  glucose,  b 
Photographic  view  of  U-937 
adherent  to  HAEC 
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glucose  (/?<0.05;  Fig.  5b).  The  heat-inactivated  C-peptide 
control  had  no  significant  effect  (Fig.  5b).  The  high  glucose- 
induced  IL-8  secretion  by  HAEC  was  mediated  by  NF-kB 
activation  since  treatment  with  PDTC  (10  pmol/1),  an  NF-kB 
inhibitor,  reduced  IL-8  secretion  to  basal  levels  also  detected 
in  normal  glucose  (p<0.01  vs  25  mmoFl  glucose;  Fig.  5b). 

Similarly,  when  HAEC  were  stimulated  with  high 
glucose  for  4  h,  secretion  of  MCP-1  increased  (472  ± 
89  pg/ml)  as  compared  with  normal  glucose  (329±  1 52  pg/ml; 
p= 0.01;  Fig.  6a).  Addition  of  C-peptide,  decreased  MCP-1 
concentrations  to  those  found  with  normal  glucose  levels 
(p<0.05;  Fig.  6b).  Here,  too,  the  specific-NF-KB  inhibitor 
PDTC  iamol/1)  decreased  MCP-1  levels  dramatically  (p<0.01 
vs  25  mmoFl  glucose;  Fig.  6b). 

C-peptide  added  to  regular  medium  containing  low 
glucose  failed  to  significantly  modify  IL-8  and  MCP-1 
secretion  compared  with  basal  medium  without  C-peptide 
(ESM  Fig.  2). 
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Fig.  5  C-peptide  decreases  high  glucose-stimulated  IL-8  secretion  by 
HAEC.  HAEC  were  cultured  with  high  glucose  (HG;  25  mmol/l) 
alone  or  combined  with  C-peptide  (C-P;  0.5  nmol/1)  for  4  h  and 
secretion  of  IL-8  in  the  supernatant  fraction  was  assessed  by  ELISA,  a 
Boxplot  graph  showing  the  median  values  (limits  of  the  lines  are  5th 
and  95th  centiles)  of  secreted  IL-8  in  the  supernatant  fraction  of 
HAEC  exposed  to  HG  compared  with  low  glucose  (5.6  mmol/l);  ^p= 
0.04.  b  Levels  of  IL-8  in  supernatant  fraction  of  C-peptide-treated 
HAEC  expressed  as  per  cent  versus  the  appropriate  control  at 
25  mmol/l.  HAEC  treated  with  high  glucose + C-peptide  showed  a 
decrease  in  secreted  IL-8,  approaching  levels  measured  in  low 
glucose;  *p< 0.05  vs  high  glucose.  A  significant  decrease  in  secreted 
IL-8  was  also  found  in  the  presence  of  the  NF-kB  inhibitor  PDTC 
(10  pmol/1);  **p<0.01.  The  average±SD  of  a  set  of  three  independent 
experiments  run  in  triplicate  are  shown.  HI,  heat-inactivated 
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Fig.  6  C-peptide  decreases  high  glucose-stimulated  MCP-1  secretion 
by  HAEC.  HAEC  were  cultured  with  high  glucose  (HG;  25  mmol/l) 
alone  (a)  or  combined  (b)  with  C-peptide  (C-P;  0.5  nmol/1)  for  4  h  and 
secretion  of  MCP-1  in  the  supernatant  fraction  was  assessed  by 
ELISA,  a  Boxplot  graph  showing  the  median  values  (limits  of  the 
lines  are  5th  and  95th  centiles)  of  secreted  MCP-1  in  the  supernatant 
fraction  of  HAEC  exposed  to  HG  compared  with  low  glucose 
(5.6  mmol/l);  ^p=0.04.  b  Levels  of  MCP-1  in  supernatant  fraction  of 
C-peptide-treated  HAEC  expressed  as  per  cent  versus  the  appropriate 
control  at  25  mmol/l.  When  cells  were  treated  with  HG+ C-peptide  the 
secretion  of  MCP-1  decreased;  */><0.05  vs  HG.  A  dramatic  decrease 
in  MCP-1  secretion  was  obtained  with  the  NF-kB  inhibitor  PDTC 
(10  pmol/1);  **p<0.01.  The  average±SD  of  a  set  of  three  independent 
experiments  run  in  triplicate  are  shown.  HI,  heat-inactivated 


C-peptide  decreases  high  glucose-induced  NF-kB  trans¬ 
location  in  HAEC  The  signal  transduction  pathway  leading 
to  mRNA  synthesis  of  adhesion  molecules  and  chemokines 
involves  activation  of  NF-kB.  To  determine  whether  C-peptide 
affected  high  glucose-induced  NF-kB  nuclear  translocation 
in  HAEC,  immunoblot  analysis  and  NF-KB-specific  ELIS  As 
were  performed  with  nuclear  extracts  from  stimulated- 
HAEC.  As  shown  in  Fig.  7a,  exposure  of  HAEC  to 
25  mmol/l  for  4  h  induced  an  increase  in  NF-kB  nuclear 
translocation  in  comparison  to  5.6  mmol/l  glucose.  A  twofold 
increase  in  NF-kB  p65  activation  was  found  after  24  h 
incubation  with  25  mmoFl  glucose  (p=0.03  vs  5.6  mmol/l; 
Fig.  7a).  Addition  of  C-peptide  to  high  glucose  decreased 
NF-kB  p65  nuclear  translocation  to  that  found  with  normal 
glucose  levels,  while  heat-inactivated  C-peptide  did  not 
suppress  NF-kB  activity  (Fig.  7a).  Densitometric  analysis  of 
this  NF-kB  p65  immunoblot  demonstrated  that  C-peptide 
reduced  NF-kB  p65  nuclear  translocation  by  twofold  as 
compared  with  high  glucose  alone  (/?<0.05;  Fig.  7c). 


4?)  Springer 


Diabetologia 


a 


24  h 

LG  IIG  IIG  +  C-P  HG  +  HI  C-P 


b 


i - 1 


In  25  mmol/I  glucose 


Fig.  7  C-peptide  reduces  levels  of  NF-kB  p65/p50  in  HAEC  cultured 
in  high  glucose.  HAEC  were  cultured  in  low  glucose  (LG;  5.6  mmol/1) 
or  high  glucose  (HG;  25  mmol/1)  in  the  presence  or  absence  of 
0.5  nmol/1  C-peptide  (C-P)  for  4  and  24  h.  Cellular  nuclear  extracts 
were  subjected  to  a  Western  immunoblotting  to  detect  the  65  kDa 
band  of  the  p65  subunit  after  4  and  24  h.  b  Detection  of  the  NF-kB 
p50  binding  activity  by  ELISA  after  24  h.  Results  are  expressed  as 
fold  induction  of  NF-kB  p50  activity  in  respect  to  5.6  mmol/1  glucose. 
In  cells  exposed  to  HG  there  was  a  twofold  increase  in  NF-kB  p50 
nuclear  translocation  compared  with  cells  in  LG;  ^p= 0.002.  A 


In  25  rrmnol/l  glucose 

decrease  in  NF-kB  p50  nuclear  translocation  was  observed  in  the 
presence  of  0.5  nmol/1  C-peptide  (C-P);  **pc0.01  vs  HG  alone,  c  Bar 
graph  showing  the  densitometric  quantification  in  arbitrary  units  (AU) 
of  the  bands  at  24  h.  In  cells  exposed  to  HG  there  was  a  twofold 
increase  in  NF-kB  p65  nuclear  translocation  compared  with  cells  in 
LG;  ^=0.03.  A  decrease  in  p65  nuclear  translocation  was  observed  in 
the  presence  of  0.5  nmol/1  C-P:  *p<0.05  vs  HG  alone.  Results  are 
expressed  as  means±SD  (n= 3).  Heat-inactivated  (HI)  C-peptide  was 
used  as  a  control  for  C-peptide  activity  in  all  the  experiments 


Activation  of  the  NF-kB  p50  subunit  in  glucose- 
stimulated  HAEC  was  assessed  by  ELISA.  As  shown  in 
Fig.  7b,  high  glucose  significantly  induced  NF-kB  p50 
activity  in  contrast  to  normal  glucose  (p= 0.002).  High 
glucose-induced  NF-kB  p50  binding  activity  was  efficiently 
ablated  by  the  addition  of  C-peptide  (p<0.01). 

Discussion 

Type  1  diabetes  patients  have  an  increased  risk  of  developing 
atherosclerosis  and  microvascular  complications  compared 
with  the  non-diabetic  population.  This  risk  is  in  part 
associated  with  the  difficulty  in  maintaining  euglycaemic 
conditions  even  in  the  context  of  an  appropriate  exogenous 
insulin  treatment  [29].  Recombinant  insulin  does  not 
contain  C-peptide,  a  product  of  insulin  protein  biosynthesis 
that  exerts  beneficial  effects  on  some  of  the  microvascular 
complications  associated  with  diabetes  [30-32]. 

In  this  study,  we  investigated  the  impact  of  human  C- 
peptide  specifically  in  the  early  process  of  atherogenesis. 
The  few  studies  available  on  the  topic  have  tested  the  effect 
of  C-peptide  on  low  and  high  glucose-induced  proliferative 


activities  of  vascular  smooth  muscle  cells,  one  major  com¬ 
ponent  involved  in  the  formation  of  atherosclerotic  plaque 
[33,  34],  Here,  we  wanted  to  expand  upon  these  studies 
by  evaluating  the  potential  effects  of  C-peptide  on  the 
endothelial  cell  component  of  the  vessel  wall  during 
hyperglycaemia. 

The  adhesion  and  migration  of  circulating  monocytes 
into  the  subendothelial  space  is  one  of  the  key  events  in  the 
early  stages  of  atherogenesis  [35].  This  process  is  in  part 
regulated  by  the  expression  of  adhesion  molecules,  such  as 
VCAM-1,  on  the  surface  of  endothelial  cells  [36],  and  by 
the  release  of  chemotactic  factors,  including  IL-8  and 
MCP-1  [17].  We  found  that  in  vitro  C-peptide  exerts  an 
inhibitory  effect  on  high  glucose-induced  upregulation  of 
the  adhesion  molecule  VCAM-1  on  HAEC.  C-peptide  at 
the  physiological  concentration  of  0.5  nmol/1  reduced  high 
glucose-induced  expression  of  VCAM-1  to  basal  levels 
observed  under  normal  glucose  conditions.  This  effect  was 
observed  as  early  as  4  h  after  C-peptide  addition  to  the  high 
glucose  medium  and  was  still  detected  after  24  h  incubation. 
The  decrease  in  high  glucose-induced  VCAM-1  expression 
by  C-peptide  on  HAEC  was  detected  both  at  the  mRNA  and 
protein  level.  Conversely,  when  C-peptide  was  added  to  the 
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medium  containing  normal  glucose  levels,  it  failed  to  sig¬ 
nificantly  reduce  VCAM-1  expression.  These  results  are  in 
line  with  findings  from  another  group  demonstrating  that 
C-peptide  reduced  expression  of  the  adhesion  molecules 
P-selectin  and  intercellular  adhesion  molecule- 1  on  the  rat 
microvascular  endothelium  during  acute  endothelial  dys¬ 
function  in  vivo  [22].  In  another  model  of  vascular  injury, 
C-peptide  was  shown  to  decrease  polymorphonuclear 
leucocyte  infiltration  into  the  myocardium  thereby  improv¬ 
ing  cardiac  dysfunction  [25].  Overall,  these  data  seem  to 
point  to  an  anti-inflammatory  effect  of  C-peptide  on  the 
endothelium,  especially  in  conditions  of  insult.  This  hypoth¬ 
esis  is  supported  by  recent  in  vivo  data  showing  that  survival 
rates  of  mice  following  endotoxic  shock  is  improved  after 
C-peptide  administration  [37].  In  these  mice,  plasma  levels 
of  the  pro-inflammatory  cytokines  TNF-oc  and  MCP-1  were 
also  decreased,  suggesting  a  decreased  generalised  inflam¬ 
matory  response  [37].  In  the  context  of  type  1  diabetes 
patients,  upregulation  of  endothelial  VCAM-1  and  inflam¬ 
mation  are  early  events  in  the  course  of  the  disease  [2,  38- 
40].  These  patients  are  insulin-dependent  and  take  exoge¬ 
nous  insulin  to  manage  their  blood  glucose  levels.  It  might 
well  be  that  addition  of  physiological  levels  of  C-peptide 
to  the  traditional  exogenous  insulin  therapy  could  be  a 
means  of  ‘counteracting’  the  insult  of  high  glucose  on  the 
endothelial  cells  of  diabetic  patients. 

Another  component  of  endothelial  dysfunction  affected 
by  C-peptide  is  the  secretion  of  IL-8  and  MCP-1,  chemo- 
kines  that  facilitate  leucocyte-endothelial  interactions.  In 
support  of  other  investigators  [5,  6,  16],  we  observed  an 
increased  secretion  of  both  chemokines  in  the  supernatant 
fraction  of  endothelial  cells  under  high  glucose.  Unique  to 
this  study,  however,  is  the  finding  that  C-peptide  reduced 
high  glucose-stimulated  IL-8  and  MCP-1  secretion  by 
endothelial  cells  to  near  or  below  the  basal  levels  measured 
under  normal  glucose  concentrations.  Based  on  our  findings, 
it  seems  that  C-peptide  might  exert  its  most  meaningful 
biological  effects  on  the  endothelium  in  conditions  of  insult, 
as  C-peptide  did  not  significantly  change  chemokine  secre¬ 
tion  by  HAEC  when  added  to  normal  glucose-containing 
medium.  In  addition,  adhesion  of  U-937  cells  to  high 
glucose-stimulated  HAEC  decreased  after  addition  of 
C-peptide,  an  effect  not  detected  when  C-peptide  was  heat- 
inactivated.  C-peptide  at  0.5  nmol/1  suppressed  U-937 
attachment  to  HAEC  exposed  to  25  mmol/1  glucose  by 
50%  due  to  a  C-peptide-mediated  inhibitory  effect  on 
VCAM-1,  IL-8  and  MCP-1  secretion  by  endothelial  cells. 
Although  in  this  study  we  focused  on  the  effects  of  C-peptide 
on  high  glucose-induced  endothelial  dysfunction,  another 
likely  cellular  target  of  C-peptide  action  in  diabetes  could 
be  the  immune  cells.  Previous  studies  from  our  laboratory 
[41]  and  others  [42]  have  shown  that  phenotypic  changes 
suggestive  of  cellular  activation  are  present  in  circulating 


monocytes  of  recently  diagnosed  type  1  diabetes  patients.  It 
is  tempting  to  speculate  that  in  conditions  of  hyperglycaemia 
and  the  underlying  inflammation  typical  of  diabetes,  C-peptide 
might  exert  beneficial  effects  on  both  endothelial  and  immune 
cell  dysfunction,  thereby  decreasing  the  overall  risk  of  devel¬ 
oping  vascular  lesions.  The  biological  effect  of  C-peptide 
on  immune  cells  is  currently  under  investigation  in  our 
laboratory. 

The  mechanisms  underlying  the  effects  of  C-peptide  on 
the  human  vasculature,  specifically  on  endothelial  cells,  are 
still  largely  unknown.  Nevertheless,  the  signal  transduction 
pathways  that  lead  to  the  enhanced  expression  of  genes 
encoding  adhesion  molecules  and  inflammatory  cytokine 
secretion  in  endothelial  cells  require  translocation  of  the 
transcription  factor  NF-kB  [13].  Therefore,  this  study 
investigated  C-peptide  effects  on  NF-kB  activation  in  high 
glucose-stimulated  HAEC.  In  support  of  a  previous  study 
[5],  we  confirm  that  short-term  high  glucose  exposure  of 
endothelial  cells  stimulates  NF-kB  activation.  However,  our 
work  has  moved  the  paradigm  forward  by  demonstrating 
that  exogenous  addition  of  C-peptide  significantly  reduced 
high  glucose-induced  nuclear  translocation  of  canonical 
components  of  NF-kB,  p65  and  p50.  The  suppressive  effect 
on  NF-kB  activation  and  high  glucose-induced  VCAM-1 
expression  as  well  as  IL-8  and  MCP-1  secretion  in  HAEC 
was  specific  for  C-peptide,  since  heat-inactivated  C-peptide 
was  not  able  to  elicit  the  same  phenotype.  Although  we  did 
not  investigate  the  precise  mechanism  of  action  of  C-peptide 
on  the  inhibition  of  NF-kB  nuclear  translocation  in  HAEC, 
evidence  of  cellular  internalisation  and  binding  to  intracel¬ 
lular  components  has  been  recently  demonstrated  in  Swiss 
3  T3  and  HEK-293  cells  [43].  In  the  same  study,  inter¬ 
estingly,  C-peptide  was  also  shown  to  localise  within  the 
nuclei  [43].  We  can  therefore  speculate  that  the  inhibitory 
action  of  C-peptide  on  NF-kB  activation  in  HAEC  could 
result  from  an  effect  on  the  phosphorylation  of  protein 
substrates  in  the  cytoplasm  and/or  of  a  direct  interaction  of 
C-peptide  with  NF-kB  p65/p50  subunits  at  the  nuclear 
level,  preventing  DNA  binding.  In  the  lung  of  endotoxin- 
treated  mice,  C-peptide  inhibited  phosphorylation  of  extra¬ 
cellular  signal-regulated  kinase- 1/2  followed  by  upregulation 
of  nuclear  levels  and  DNA  binding  of  the  nuclear  transcrip¬ 
tion  factor  peroxisome  proliferator-activated  receptor-y, 
which  plays  an  important  role  in  the  modulation  of  inflamma¬ 
tion  [37].  Currently,  we  are  exploring  which  NF-KB-dependent 
upstream  signalling  events  are  affected  by  C-peptide  in 
endothelial  cells;  examples  are  ROS  generation  and  IkB 
kinase,  an  enzyme  that  elicits  phosphorylation  of  the  cytosolic 
NF-kB  inhibitor  IkBoc.  This  latter  upstream  event  regulates 
NF-kB  translocation  from  the  cytoplasm  to  the  nucleus.  In 
vascular  smooth  muscle  cells  we  found  that  C-peptide 
reduced  high  glucose-induced  phosphorylation  of  IkB  a 
[44],  a  pathway  likely  to  be  also  targeted  in  HAEC. 
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Inhibition  of  NF-kB  would  be  suggestive  of  an  anti¬ 
inflammatory  effect  of  physiological  concentrations  of  C- 
peptide  at  the  endothelial  cell  level  [19,  22]  and  would  be 
consistent  with  a  potential  anti-atherosclerotic  effect  in  type 
1  diabetes.  Higher  supra-physiological  levels  of  circulating 
C-peptide,  such  as  those  measured  in  type  2  diabetic  patients 
with  the  hyperinsulinaemia  associated  with  insulin  resis¬ 
tance,  might  have  deleterious  effects  on  the  vasculature.  This 
view  is  supported  by  Walcher  et  al.  [45],  who  found  that 
higher  concentrations  of  C-peptide,  mimicking  those  found 
in  the  circulation  of  type  2  diabetic  patients,  produced 
maximal  stimulation  of  lymphocyte  chemo taxis  in  vitro. 
Future  studies  are  required  to  further  elucidate  these  issues. 

Although  this  evidence  in  human  endothelial  cells  is 
reported  here  for  the  first  time,  a  protective  effect  of  C-peptide 
on  high  glucose-induced  vascular  dysfunction  has  been 
invoked  by  other  groups,  who  tested  the  efficacy  of  C-peptide 
in  small  clinical  trials  of  type  1  diabetic  patients  [30-32,  46]. 
In  addition  to  endothelial  cells,  vascular  smooth  muscle  cells 
also  appear  to  be  the  target  of  beneficial  effects  of  C-peptide 
on  the  vasculature  in  conditions  of  hyperglycaemia  [33,  44]. 
Physiological  concentrations  of  C-peptide  attenuate  glucose- 
induced  hyperproliferation  of  vascular  smooth  muscle  cells 
[33,  44],  a  phenomenon  associated,  at  least  in  part,  with  a 
specific  inhibitory  effect  on  NF-kB  [44]. 

In  conclusion,  our  findings  support  the  hypothesis  that 
C-peptide  has  major  physiological  effects  on  the  inhibition 
of  endothelial  dysfunction  under  high  glucose  conditions. 
It  does  this  by  interfering  with  NF-kB  activation  and  its 
effect  on  the  reduced  production  of  pro-inflammatory  cyto¬ 
kines  and  chemokines.  These  findings  underscore  a  role  of 
C-peptide  in  endothelial  cell  functions,  especially  in  condi¬ 
tions  of  diabetic  insult  to  the  vasculature.  Our  results  support 
the  idea  of  prolonged  administration  of  physiological  quanti¬ 
ties  of  C-peptide  to  type  1  diabetes  patients  in  an  effort  to 
lessen  endothelial  dysfunction  and  complications  that  may 
potentially  arise  during  the  course  of  the  disease. 
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